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3.0 Introduction

The perovskites form a family of compounds
having a crystal structure similar to that of the
mineral perovskite, CaTiO;. There are two classes
of materials crystallizing with this general structure
type: primarily ionic materials having the ideal
chemical formula ABX,, (A = larger cation, B =
smaller cation, X = anion), and alloys having the
ideal formula MeXMf, (X = interstitial atom, M®
and Mf are metal atoms). Of these two classes, the
former is much larger and the more important.

The stability of the ABX, perovskite structure
is primarily derived from the electrostatic (Made-
lung) energy achieved if cations occupy corner-
shared octahedra. Thus the first prerequisite for a
stable ABX, perovskite is the existence of stable,
polar octahedral-site building blocks. This, in turn,
requires that the B cation have a preference for
octahedral coordination and that there be an effec-
tive charge on the B cation. Since any A cation
must occupy the relatively large anionic interstice
created by corner-shared octahedra, a second pre-
requisite is an appropriate size for the A cation.
Where it is too large, the B-X bond length cannot
be optimized, and hexagonal stacking with face-
shared octahedra becomes competitive. Where the
A cation is too small, A-X bonding stabilizes struc-
tures having a smaller anionic coordination about
the A cation. Thus ABX, perovskites are common-
ly found in fluorides and oxides having B cations
with a preference energy for octahedral coordina-
tion. By contrast, the chlorides and sulfides, having
larger anions, not only require the largest A cations,
but also form layer structures, where the A cations
are missing, because they have anionic d orbitals
energetically available for orbital hybridization.

There are many perovskite-related structures,
and these have been included in these tables. For
example, the structure can tolerate mixed systems
such as A,_;A;BX, and AB, . B;X, A-cationic
vacancies [] as in (J,-;A;BX,, and cationic order-
ing as in A,BB'Xq Although anion-deficient
perovskites have been reported many times, the
anion vacancies @ are probably not distributed
randomly. In compounds containing Fe?t ions, for
example, they appear to condense in pairs at indi-
vidual B-site octahedra to convert the local anion
interstice from an octahedron to a tetrahedron. In

*) This work was sponsered by the U. S. Air Force.

3 Crystallographic and magnetic properties of perovskite and
perovskite-related compounds ™

3.0.1 General remarks — Allgemeines

— Einleitung

Die Perowskite sind eine Gruppe von Verbin-
dungen mit der gleichen Kristallstruktur wie das
Mineral Perowskit, CaTiOy. Man unterscheidet zwel
Klassen von Substanzen, die in diesem allgemeinen
Strukturtyp kristallisieren: in erster Linie Ionen-
verbindungen mit der idealen chemischen Formel
ABX, (A = groSeres Kation, B = kleineres Kation,
X = Anion) und Legierungen mit der idealen
Formel MeXME (X = Zwischengitteratom, M¢ und
Mf — Metallatome). Von diesen beiden Klassen ist
die erstere wesentlich umfangreicher und wichtiger.

Die Stabilitit der ABX,-Perowskitstruktur be-
ruht in erster Linie auf der elektrostatischen (Made-
lung-) Energie, die dann zustande kommt, wenn
Kationen Oktaeder mit gemeinsamen Ecken be-
setzen. So ist die Existenz von stabilen, polaren
Oktaeder-Bausteinen die erste Vorbedingung fur
ein stabiles ABX,-Perowskit. Dies .wiederum er-
fordert, daB das B-Kation die Oktaeder-Koordina-
tion bevorzugt und da8 beim B-Kation eine effek-
tive Ladung existiert. Da ein jedes A-Kation die
relativ grofle Anionen-Liicke besetzen muB, die
zwischen Oktaedern mit gemeinsamen Ecken ent-
steht, ist die passendc GroBe des A-Kations die
zweite Vorbedingung. Wenn das A-Kation zu gro8
ist, 148t sich der optimale B-X-Bindungsabstand
nicht erreichen, und eine hexagonale Packung von
Oktaedern mit gemeinsamen Flichen kann ebenso
auftreten. Wenn das A-Kation zu klein ist, ergibt
die A-X-Bindung Strukturen mit einer kleineren
Anionen-Koordination um das A-Kation. Daher
sind ABX,-Perowskite gewohnlich unter den Fluo-
riden und Oxiden zu finden, in denen die B-Kati-
onen Oktaeder-Koordination energetisch bevor-
zugen. Dagegen erfordern Chloride und Sulfide,
die grofere Anionen haben, nicht nur die groBten
A-Kationen, sondern sie bilden, weil sie aniomsche
d-Elektronenbahnen mit der richtigen Energie fiir
eine Bahn-Hybridisierung haben, auch Schicht-
strukturen, bei denen die A-Kationen ganz fehlen.

Es gibt viele dem Perowskit verwandte Struk-
turen, die in diese Tabellen aufgenommen wurden.
Zum Beispiel kénnen gemischte Systeme wie
A,_zABX; und AB,_,B:X; mit dieser Struktur
auftreten, weiter A-Kationenliicken [] wie in

(,—-A.BX; und geordnete Kationen wie in
A,BB'X,. Uber Perowskite mit Anionenliicken
ist schon hiufig berichtet worden, vermutlich
sind die Anionenleerstellen @ nicht willkiirlich
verteilt. In Verbindungen, die Fe?+-lonen enthal-
ten, scheinen sie z. B. paarweise im Oktaeder eines
einzelnen B-Platzes zusammenzutreffen und die

126 Goodencugh/Longo

Ref. p. 2

compoul
it is mor
anions
deficient
cations,
contain
across v
edges (
ciencies
alloys.
B-occuj
perovsk
cation
.anintet
(Fig. 22
stackin
nal stas
cies (F
(AX) ml
rocksal
stackec .
also oc
an A ¢t
structu
with &
classifi
and B
rather
for ex:
18). S
of the

Tt
ing pt
BaTil
ferror
condt
ducty
lator-
tor a
patib
trans
ture
ABX
mult
[Sm
ferro
ed f
Ba, -
pero
and
mag
of t
mag
app.
tura
that
*) 1

C

1




. 275

‘bin-

das
zwel
inen
nen-
rmel
tion,
ralen
und
n ist
iiger.
r be-
[ade-
yenn
t be-
laren
r fiir
1 er-
dina-
ffek-
n die
, die
. ent-
s die
groB
stand
7 von
>enso
:rgibt
neren
daher
Fluo-
Kati-
evor-
ilfide,
68ten
iische
ie fir
hicht-
zhlen.
struk-
irden.

wie
uktur
e in
ie in
ticken
atlich
dirlich
nthal-
- eines

d die

o

e =

Ref. p. 275]

3.0 Introduction

compounds containing Ti** ions, on the other hand,
it is more probable that local rearrangements of the
anions form trigonal bipyramidal sites. Anion-
deficient, ionic materials in which there are no A-
cations, such as [(JWO,_,, have been shown to
contain [}BX; blocks connected by “‘shear’’ planes
across which the occupied octahedra share common
edges (Fig. 22). On the other hand, anion defi-
ciencies may occur randomly in the MeX,_ M
alloys. B-cation defects cannot occur, because the
B-occupied octahedra form the basis of the ABX;-
perovskite structure. Where there are apparent B-
cation vacancies, as in A, B, -, X;n, there is either
aninterleaving of perovskite layers with A, X, layers
(Fig. 23) or an interleaving of cubic (perovskite)
stacking of AQ, layers with regularly spaced hexago-
nal stackings at which are located the B-ion vacan-
cies (Fig. 24). Similarly, the series of compounds
(AX)n(ABX,), crystallize with an interleaving of
rocksalt layers (Fig. 25). Interleaving of cubic-
stacked AQ, layers and hexagonal-stacked layers
also occurs in ABX, compounds having too large
an A cation to be accommodated by the perovskite
structure (Fig. 3). Finally, there are a few alloys
with interesting magnetic properties that can be
classified as A,BB'X, compounds if the symbols B
and B' are allowed to represent atomic clusters
rather than single cations. These are illustrated,
for example, by the alloy Al,(AlCo,,)(Co)B; (Fig.
18). Sections 3.1and 3.2 are devoted to descriptions
of the perovskite and perovskite-related structures.

The ABX, perovskites exhibit several interest-
ing physical properties such as ferroelectricity (as in
BaTiQ,), ferromagnetism (as in SrRuQ,), weak
ferromagnetism (as in LaFeO, or HoFeQ,), super-
conductivity (as in SrTiO,_;), a large thermal con-
ductivity due to exciton transport (LaCoO,), insu-
lator-to-metallic transitions of interest for thermis-
tor applications (as in LaCoQ,), fluorescence com-
patible with laser action (as in LaAlO,;:Nd), and
transport properties of interest for high-tempera-
ture thermoelectric power (as in La,CuQ,). A few
ABX, perovskites have been found that are si-
multaneously antiferromagnetic and ferroelectric
[Sm 16, Mi7, Sm9]. The simultaneous occurrence of
ferroelectricity and ferromagnetism has beenreport-
ed for systems like Srg ,La, sMnO;-ATiO, (A =
Ba, Pb, Biy K, ;) [To3, To6). Many of the MCXMS
perovskite alloys are ferromagnetic or ferrimagnetic,
and a few exhibit first-order ferrimagnetic-to-ferro-
magnetic transitions. Nevertheless, the significance
of the entire perovskite family for the field of
magnetism*) lies not yet in their technological
applications, but in their provision of an isostruc-
tural series of compounds having outer d electrons
that are localized and spontaneocusly magnetic in

*) The technologically important dielectric properties are
outside the scope of this summary. See Vol. IT1/3 of the
New Series of Landolt-Bornstein.

dortige Anionenliicke von einem Oktaeder in cinen
Tetraeder umzuwandeln. Bei Verbindungen, dic
Ti*+-Ionen enthalten, ist es dagegen wahrschein-
licher, daB die lokale Anordnung der Anionen tri-
gonale Doppelpyramiden-Plitze bildet. Fiir Ionen-
verbindungen mit Anionenliicken, die keine A-
Kationen haben, wie (QWO,_,, ist gezeigt worden,
daB sie (JBX;-Blocke enthalten, die durch ,,Gleit"'-
ebenen verbunden sind, in denen die besetzten
Oktaeder gemeinsame Kanten innehaben (Fig. 22).
In M°X,_,M{-Legierungen kénnen jedoch Anionen-
licken auch beliebig auftreten. B-Kationenliicken
koénnen nicht vorkommen, weil die von B besetzten
Oktaeder die Basis der ABX;-Perowskitstruktur
bilden. Wo scheinbare B-Kationenleerstellen auf-
treten, wie in A,B,,_ X, sind entweder A,X,-
Schichten zwischen Perowskitschichten eingescho-
ben (Fig. 23), oder kubische (Perowskit-) Anord-
nungen von AQ,-Schichten wechseln mit regel-
miBig verteilten hexagonalen Anordnungen, in
denen die B-Ionenliicken auftreten, ab (Fig. 24).
Ahnlich kristallisieren die Verbindungen der Reihe
(AX),,(ABX,), mit einer Einschiebung von Stein-
salzschichten (Fig. 25). Einschiebungen von ku-
bisch gepackten AQ,-Schichten und hexagonal ge-
packten Schichten treten auch in solchen ABX,-
Verbindungen auf, deren A-Kation fiir die Perows-
kit-Struktur zu groB ist (Fig. 3). SchlieBlich gibt
es einige wenige Legierungen mit interessanten
magnetischen Eigenschaften, die als A,BB'X,-
Verbindungen eingeordnet werden kénnen, wenn
man unter den Symbolen B und B' Atomgruppen
statt einzelner Kationen versteht, Dies gilt z. B.
fiir die Legierung Al,(AlCo,,){Cog) B, (Fig. 18). Die
Abschnitte 3.1 und 3.2 sind der Beschreibung der
Perowskit- und verwandter Strukturen gewidmet.

Die ABX,-Perowskite weisen einige interessante
physikalische Eigenschaften auf, wie Ferroelektrizi-
tit (in BaTiQ,), Ferromagnetismus (in SrRuOy),
schwachen Ferromagnetismus (in LaFeO, oder
HoFeQ,), Supraleitfihigkeit (in SrTiO,_,), groe
Wirmeleitfihigkeit durch Excitonentransport (in
LaCo0,), fiir Thermistoren interessante Uberginge
zwischen Nichtleiter und metallischem Leiter (in
LaCoQ,), fiir Laser-Anwendungen geeignete Fluo-
reszenz {in LaAlO,;:Nd), und Transporteigenschaf-
ten, die fiir Thermospannungen bei hohen Tempera-
turen von Interesse sind (in La,Cu0Q,). Einige wenige
ABX,-Perowskite wurden gefunden, die sowohl
ferromagnetisch als auch ferroelektrisch sind [Sm16,
Mi7, Sm9). Das gleichzeitige Auftreten von Ferro-
elektrizitit und Ferromagnetismus wurde bei
Systemen wie Sr, gla, ,MnO;-ATiO; (A = Ba,
Pb, Bi, sK,5) [T03, To6] beschrieben. Viele MexXME-
Perowskitlegierungen sind ferromagnetisch oder fer-
rimagnetisch, und einige zeigen Uberginge erster
Ordnung von Ferri- zu Ferromagnetismus. Trotz-
dem liegt die Bedeutung der gesamten Perowskit-
Familie fiir den Magnetismus*) noch nicht in der
technologischen Anwendung, sondern im Vorhan-
densein einer isostrukturellen Reihe von Verbin-

*) Die technologisch wichtigen dielektrischen Eigenschaf-
ten liegen nicht im Rahmen dieser Zusammenstellung.
Siche Band I11/3 der Neuen Serie des Landolt-Bornstein.

Goodenough/Longo 127



3.0 Einleitung

[Lit. 8. 275

one member, collective and spontaneously magnetic
in another, and collective and Pauli paramagnetic
in yet another. This permits a systematic experi-
mental investigation of the properties of the 4 elec-
trons on passing through the transition from a
localized character, where crystal-field plus super-
exchange andjor double-exchange theories apply,
to an uncorrelated (except below a superconducting
transition temperature) collective-electron charac-
ter, where the conventional band theory applies.
In addition, the simplicity of the perovskite ABX,
structure minimizes competitive magnetic inter-
actions between neighboring magnetic cations.
Therefore from a study of magnetic order, as re-
vealed by .neutron diffraction, together with de-
tailed structural information, as revealed by x-ray
diffraction, it has been possible to test the semi-
empirical rules for 180° cation-anion-cation iso-
tropic superexchange interactions between localized
electrons, the double-exchange hypothesis, anti-
symmetric exchange, and predictions of magnetic
order and spontaneous atomic moments due to
collective electrons.

Section 3.3 presents the general phenomenologi-
cal exchange Hamiltonian for localized electrons
and summarizes the microscopic models for iso-
tropic superexchange, double exchange, and anti-
symmetric exchange. From these models, general
rules for the interactions responsible for magnetic
order are developed for comparison with the tabu-
lated magnetic data.

Section 3.4 presents the fundamental physical
concepts needed to construct a qualitative phase
diagram for the outer d electrons as a function of
the number #; of electrons per relevant orbital, the
magnitude of a nearest-neighbor transfer energy b,
and the temperature 7. It also summarizes the
various characters of several physical properties
imparted by outer electrons to show how they can
be used to distinguish the electronic phases in differ-
ent perovskites. Information from the tabulated
data is used to show the influence of covalence and
intra-atomic exchange, which help determine the
parameter b, on the character of the electrons.
Spontaneous collective-electron magnetism 1s seen
to occur only in a narrow transitional interval of b
between localized-electron magnetism and collec-
tive-clectron Panli paramagnetism.

Section 3.5 provides schematic energy diagrams
for the alloys MSXM{. These are shown to be useful
guides to predictions of the magnitudes of the
atomic moments and the magnetic ordcr.

dungen mit auBeren d-Elektronen, die lokalisiert
und spontan magnetisch in der einen Verbindung,
kollektiv und spontan magnetisch in einer ande-
ren, und kollektiv und Pauli-paramagnetisch in
noch einer weiteren sind. Dies erlaubt systema-
tische experimentelle Untersuchungen der Eigen-
schaften der d-Elektronen, indem man von einem
lokalisierten Zustand, in dem Kristallfeld plus
Superaustausch- und/oder Doppelaustausch-Theo-
rien gelten, zu einem Zustand unkorrelierter Kollek-
tivelektronen (auBer bei Temperaturcn unterhalb
des Ubergangs zur Supraleitung) iibergeht, in dem
die konventionelle Bindertheorie anzuwenden ist.
Weiterhin fiihrt die Einfachheit der Perowskit-
ABX,-Struktur zu minimalen konkurrierenden
Wechselwirkungen zwischen benachbarten magne-
tischen Kationen. Aufgrund der Untersuchung der
magnetischen Ordnung, die man durch die Neutro-
nenbeugung kennt, und einer genauen Kenntnis der
Struktur, wie man sie durch Réntgenbeugung
gewonnen hat, war es deshalb méglich, die halb-
empirischen Gesetze iiber die isotrope 180 °-Kation-
Anion—Kation—Superaustausch—Wechselwirkung
zwischen lokalisierten Elektronen, die Doppelaus-
tausch-Hypothese, den antisymmetrischen Aus-
tausch und Voraussagen fiir magnetische Ord-
nung und spontane Atom-Momente, die von Kollek-
tivelektronen herriihren, zu priifen.

Der Abschnitt 3.3 enthilt den allgemeinen pha-
nomenologischen ~ Hamilton~Austausch-Operator
fiir lokalisierte Elektronen und faBt die mikroskopi-
schen Modelle fiir den isotropen Superaustausch,
den Doppelaustausch und den antisymmetrischen
Austausch zusammen. Aus diesen Modellen werden
allgemeine Regeln fiir die Wechsclwirkungen, die
fiir die magnetische Ordnung verantwortlich sind,
zum Vergleich mit den tabellierten Daten ent-
wickelt.

Der Abschnitt 3.4 enthilt die grundlegenden
physikalischen Ideen, die fiir die Herstellung eines
qualitativen Phasendiagramms fiir die AuBeren d-
Elektronen als Funktion der Elektronenzahl »; pro
betreffenden Bahnzustand, der GroBe einer Uber-
tragungsenergie b zwischen nichsten Nachbarn und
der Temperatur T notwendig sind. AuBerdem wer-
den hier verschiedene Charakteristika einiger durch
dic duBeren Elektronen gegebenen physikalischen
Eigenschaften zusammengestellt, um zu zeigen, wic
man mit ihrer Hilfe die elektronischen Phasen ver-
schiedener Perowskite unterscheiden kann. Auf
Grund der tabellierten Werte wird der Einflu8l von
Kovalenz und intra-atomarem Austausch, die
den Parameter b mitbestimmen, auf den Charakter
der Elektronen gezeigt. Spontane Magnetisierung
der Kollektivelektronen tritt, wie man sieht, nur in
einem schmalen Ubergangsintervall von b zwischen
dem Magnetismus lokalisierter Elektronen und dem
Pauli-Paramagnetismus der Kollektivelektronen
auf.

Der Abschnitt 3.5 enthilt schematische Energie-
diagramme fiir die Legierungen M°XM£. Es wird ge-
zeigt, dal sie zu brauchbaren Voraussagen iiber die
GroBe der Atom-Momente und die magnetische
Ordnung fithren kénnen.

128 Goodenough/Longo
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3.0 Introduction

In the introductions to the sections 3.2:-3.5
we have referenced the principle theoretical contri-
bution discussed, but no attempt was made to do
this systematically for the experimental contribu-
tions, which are thoroughly referenced in the ta-
bles. — In the crystallographic tables, the crystal
parameters quoted either represent the most com-
plete analysis, in our judgment, or belong to the
most complete set of parameters for a series of
similar compounds. They do not necessarily re-
present the historical reference that established the
unit-cell dimensions.

Literature was considered up to 1969.

Finally, we would like to thank Davip MaHxo-
NEY for his willing assistance, the library and publi-
cations personnel of Lincoln Laboratory for their
efficient support, and Mrs. G. E. Bovp for her help
with all the foreign references.

In den Einleitungen zu den Abschnitten
3.2---3.5 haben wir die grundlegenden theoretischen
Beitrige, die diskutiert werden, mit Literaturhin-
weisen versehen; fir die experimentellen Beitrige
haben wir dies nicht systematisch durchzufiihren
versucht, da die entsprechenden Tabellen voll-
stindig mit Literaturhinweisen versehen sind. —
In den kristallographischen Tabellen stellen die an-
gefiihrten Kristallparameter entweder die nach
unserer Beurteilung vollstindigste Analyse dar,
oder sie gehdren zum vollstindigsten Satz von
Parametern fiir eine Reihe dhnlicher Verbindungen.
Sie geben nicht notwendigerweise den historischen
Literaturhinweis, der die Dimensionen der Ein-
heitszelle festlegte.

Die Literatur wurde bis 1969 beriicksichtigt.

SchlieBlich méchten wir Davip MaHONEY fiir
seine bereitwillige Hilfe, den Angestellten der Bi-
bliothek und der Verdffentlichungsabteilung des
Lincoln-Laboratoriums fiir ihre wirksame Unter-
stiitzung und Mrs. G. E. Bovp fiir ihre Hilfe bei der
auslindischen Literatur danken.

3.0.2 Symbols and units used in tables and figures
Crystallographic structure

symmetry classification for perovskite structures: C = cubic, H = hexagonal,
O = orthorhombic (@ < c/l/é),

Q' = orthorhombic

(c/l/é < a), T = tetragonal, M = monoclinic, Tr = triclinic

symmetry
R = rhombohedral,
a, b, c[A)] lattice parameters
«, B, v [deg) angle between crystallographic axes
Gtrans, Oora [°K] crystallographic transition and ordering temperatures
Gp [°K} Debye temperature
Tmett [° K] melting temperature
cy elastic constants
€ crystalline strains
ra,B,p [A] radius of A, B, B' cation

Magnetic propertties (static measurements)

magnetic order
ny, nh

m

Peff

0¢ [°K]
Oy [°K]
6, [°K]
0, [°K]
@ [OK]

¥m [emu/mole]
pa p* (1E]
Pros p(:w)

*

Joo/k [°K]
d

oy [erg/cm®]

an

Cpn [emu °K mole™]
% [emu/g], [cm*/g]

see magnetic structure type from Fig. 26

atomic moment and component of atomic moment parallel to net ferromagnetic
moment in numbers of Bohr magnetons: p, = naup

net magnetization per molecule in numbers of Bohr magneton: pq = BB

Nefr = V8Cn is the effective paramagnetic moment: per = efr LB
Curie temperature
Néel temperature; extrapolated Néel temperature
temperature for spin reorientation
paramagnetic Curie temperature (6, < 0 if antiferromagnetic coupling)
temperature below which parasitic nd deviates appreciably from 0.05
molar Curie constant determined from Curie-Weiss law y,, = Co/(T — ©y)
specific paramagnetic susceptibility
molar paramagnetic susceptibility
atomic moment, atomic moment of element A
molecular moment (of molecule xy)
effective paramagnetic moment: p* = VemT
isotropic exchange constant of Eq. (16) for near-neighbor interactions
Ln-Fe interaction parameter defined by

M(t) = 0,4 (0) B(¢) [1 + (d/#)], where t = T/O¢ and B(t) is the Brillouin function
domain wall energy density %
net near-neighbor Weiss molecular field constant: Hy = i§1 Wy Mj

Y.andolt-Birnstein, Neue Serie 151/4a
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{Gauss cm?/g]
’ {[emu/g]
0, [emu/g]

Osp
H, [Oe€]
Herit {Oc}

H,

«
b, b, [dynfcm?]

1100

Cijx

(]
T [erg/e]

Hy
Hes
HD
Hin
H,
thp

VS Y

g, AL
Fy;, Gy

vy [Hz)
Av [Hz)
T, [sec}
T, [sec]
Tye [sec]

n
£o

o [°fem]

v, vro [Hz]

O

Ep

Ea

o [Qcm]

S [wV/°K]

e {esu]

¢, nj, ng [cm™?)
u [cm?/Vsec]

magnetic moment per gram = specific magnetization

specific parasitic {(weak) magnetization as obtained from o = 0, + xzHa

spontaneous specific magnetization

externally applied field

critical applied field for antiferromagnetic-ferromagnetic transition or for spin-
flop transition

cocercivity

cant angle

magnetoelectric coefficients

magnetostriction constant for [100] direction: 4,00 = —4b,/3 (¢, — €12

components of the tensor describing the quadratic dependence of magnetization
on applied field: Eq. (36)

the Bohr magneton = 5585 cmu/g

torque: T = o X H,

Magnetic properties (resonance measurements)

effective crystalline-anisotropy field

exchange field

spin-canting field (Dzialoshinskii field)

internal magnetic field at the nucleus

axial hyperfine field arising from nuclear polarization

hyperfine field I-A-S, where I = nuclear spin, $ = net atomic spin, and the
components of the interaction tensor are Ag, Ans Ay, A, Ayp

fraction of unpaired s, p, or p, electron spins involved in covalent bonding:

JA = 2SA/An = § NEA, /2 = 25A6/Ayp = FNZR A = 2SAL Ay = 1 NUAL

See Eq. (4) for N, Ny, A, 2o, An:
nuclear quadrupole coupling constant and quadrupole splitting

6
dipolar and quadrupolar magnetoelastic coefficients: sgi = X Fijg and
i=1

6
dj = 2 Gy, where Hspin-lattice = UB iH,-6g-S + 8- d-S

i=1

resonance frequency for NMR

half-line width

nuclear spin-lattice relaxation time

nuclear spin-spin relaxation time

nnclear spin-lattice relaxation time during a locking pulsc

Optical measurements

index of refraction

low-frequency dieiectric constant

Faraday rotation )

frequency of transverse and Jongitudinal optical modes

Ttansport measurements

superconducting critical temperature
Fermi energy

activation energy for a small-polaron hop
clectrical resistivity

Seebeck coefficient

magnitude of the electronic charge
charge-carrier density

charge-carrier mobility

N Tkl g O B ZZEEn N o oo On P

T [sec] charge-carrier collision time
m* [g] charge-carrier effective mass
D, [cm?[sec] charge-carrier diffusion coefficient at Eg = 0
N density of unoccupied states: 2(2nmi k T/h2)?
General properties
T [°K] temperature
P pressure
Cp specific heat at constant pressure
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5 Ref. p. 275] ' 3.1 ABX, perovskite structul,
; Abbreviations for text and indices
AFMR antiferromagnetic resonance
/ APR acoustic paramagnetic resonance
BPW Bethe-Peierls-Weiss method
n- C, cub cubic
DS Danielson-Stevens method
DTA differential thermal analysis
ESR electron spin resonance = paramagnetic resonance
f.c. face-centered permutation
FMR ferromagnetic resonance
m Fr ferromagnetic with reduced ny
H, hex, hex (nL) hexagonal, hexagonal n-layer structure
IR infrared
Ln Lanthanon = any of the rare-earth elements
MF molecular field approximation
M, mon monoclinic
NAR nuclear acoustic resonance
NMR nuclear magnetic resonance
ncub noncubic
0, 0, orth orthorhombic (O: & < ¢V2; 0": ¢/V2 < a)
P&S reference to preparation and structural information
Prep. reference to material preparation
he Prop. reference to material properties
pscub pseudocubic
g psmon pseudomonoclinic
2. R, rh rhombohedral
’ RW Rushbrooke-Wood method
; S.G. space group
. S.S. solid solution
T, tetr tetragonal
i Tr, tr triclinic

3.1 Descriptions of stoichiometric ABX, and M°XMj structures
3.1.1 The ideal perovskite structure

The ideal perovskite structure has the cubic unit cell of Fig. 1 with space group Pm3m. Fig. 1(a)
shows the corner-sharing octahedral units (BX; array in ABX, and XMfarray in M®XM§), which form the
stable skeleton of the structure. The A cation (or M¢ atom) occupies the body-center position. Fig. 1(b)
shows the unit cell with the A cation (or M® atom) at the origin, or corner position. This shows the face-
centered-cubic character (with CuzAu-type order) of the AX, or M°M] subarrays. Fig. 1(c) shows the cubic
perovskite on an hexagonal basis, with the ¢ axis along the cubic [111] direction. The alternate AXyand B
jonic layers each have cubic stacking. Also indicated is the ordering of B and B' layers in the ordered
A(BysBys) X, structures.

a b c
Fig. 1. ABX,, MeXME.  Ideal perovskite structure: a) B cation (or X atom) at origin. b) M¢ atom {or A cation) at origin.
¢) A cation at origin in hexagonal basis [Ga10].
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The alloys MeXM{ are stabilized by covalent M-X bonding and by metallic M-M bonding, so that they
are generally cubic. Only in phases exhibiting complex magnetic order are there distortions to lower
symmetry. On the other hand, the ABX, perovskites, which are primarily stabilized by the Madelung
energy, are rarely cubic at normal temperatures. Madelung energy calculations are available [Ro75a,
Sa2b, Mif}.

Although cubic at high temperatures, most ABX, compounds exhibit distortions to lower symmetry
below some temperature Oans as a result of atomic displacements. Such displacive transitions can be
described by a finite set of normal vibrational modes that become soft, their vibrational frequency in-
creasing with T > Ojrans. From Lanpau's [La2] theory of phase transitions, it may be argued [Hal, Co2)
that at a second-order displacive transition, the frequency of one normal mode becomes zero. Thus the
occurrence of ferroelectricity in perovskite-type crystals such as BaTiO; has been correlated both theoreti-
cally and experimentally {An2, Col, Bal7, Co028, Ne8, Sh26) with the existence of a transverse optic mode
of lattice vibration having wave number & ~ 0 and a temperature-dependent frequency  ~ (T — Otrans)'®

Similarly, in the case of LaAlQ, softening of a single normal mode can produce the R3c-to-cubic
transition, and this transition is probably second-order. Investigation [Haf]of the atomic displacements
involved in other distortions from cubic symmetry, on the other hand, has shown that several normal
modes are involved, and these displacive transitions are first-order.

STiO, exhibits a tetragonal (Dg; withc/a = 1.00056) to cubic transition at Oyans = 110 °K [Ly2, Ri5}
that appears to illustrate the softening of a triply degenerate phonon at the R point of the Brillouin zone
in the cubic phase. For T < Ggrans, it splits into two zone-center phonons having a frequency depen-
dence w ~ (Otrans — 1)%% [Fi2]. In the presence of an external electric field E, the symmetry is further
reduced to C,y if Ea || c-axis, or C,y if Ea L c-axis, and the critical modes have the same symmetry as
the ferroelectric TO modes. ‘‘Anticrossing” of the modes occurs for E, = 1.5 kV/cm and 15 kV/cm [Ne7,
Wo19]. Thus the observed [He5] maximum in the electric susceptibility of STiO, at very low tempera-
tures does not appear to be associated with a ferroelectric transition.

Theoretical interest in the analytic description of these phase transitions continues [Gola, Muda,
Tat4a, Th3}.

The physical origins of the various crystallographic distortions may be separated into three parts:
relative ionic sizes, electron ordering among localized clectrons, and clectron ordering among collective
electrons.

3.1.2 The influence of relative ionic sizes

3.1.2.1 Tolerance factor

The first prerequisite for a stable .{erovskite structure is the existence of a stable BX, skeletal subarray.
If the B-cation radius is rg < 0.51 A in oxides, for example, the B cation does not achieve its optimum
B-O separation in an octahedral site and therefore stabilizes a structure with a smaller anion coordination.
The A3+ ion is borderline, being stable in four, five or six coordination. However, Ga®t, Ge*+ and Vot
jons are definitely more stable in tetrahedral sites at ambient pressures.

Given the BX, skeletal subarray, additional stabilization is achieved by accommodating a large A
cation within this skeleton. Because there is an optimum A-X bond length, the presence of an A atom
generally distorts the BX4array so as to optimize the A-X bonding. However, if this distortion is too large,
then other space groups become competitive. GOLDSCHMIDT [Go2] defined the tolerable limits on the size
of the A cation via a tolerance factor :

t=(ra + V2 (rs + %) (1)

where 7, *p, 7x are empirical radii of the respective ions. By geometry, the ideal cubic structure should
have ¢ = 1. The perovskite structure occurs only within the range 0.75 <t < 1.00. However, this is not
a sufficient condition, since the Aand B cations must, in themselves, be stable in twelvefold (12 or8 + 4 or
6 + 6) and sixfold coordinations. This sets lower bounds for the cationic radii. In oxides these bounds
are 7, > 0.90 A and g > 0.51 A. In addition, MEGAW [Me5) noted that, if 0.75 < ¢ < 0.9, 2 cooperative
buckling of the corner-shared octahedra to optimize the A-X bond lengths enlarges the unit cell; on the
other hand, if 0.9 < ¢ < 1, such buckling may not be found, although small distortions to rhombohedral
symmetry occur. These structures are to be distinguished from perovskites that exhibit additional distor-
tions as a result of electron ordering. The cubic phase is found at high temperatures or where the AX
bond is more ionic {especially if ¢ = 1}.

Where the A cation is too small (r, < 0.9 A) to accommodate twelve nearest neighbors, a structure in
which the A and B cations are both six-coordinated becomes competitive. From the phase diagram of
Fig. 2 for the oxides A3+B3+0,, which has been adapted from SCHNEIDER, RotH, and WARING [Sc13], the
initial competition is the C-M,0, structure, which contains two unusual types of corner-shared, six-
coordinated sites. The C-M,0; structure consists of a face-centered-cubic array of cations with anions
occupying £ of the tetrahedral interstices in an ordered manner. Thus each cation has six out of eight
near-neighbor anions at the corners of a circumscribing cube: } of the cations have two anions missing at
the ends of a body diagonal and } of the cations have two anions missing at the end of a face diagonal of
the circumscribing cube. This arrangement minimizes the electrostatic repulsive forces between the cations.
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12 [ / ]
Al rh /oA
P // orth (/ 5 I
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Fig. 2. General r4 — rp phase diagram for A**B** 0O, com- ~ i )
pounds based on ionic-size considerations. Exceptions may a8 B o A A f)’pe rare earfh oxide
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possibility of different layer sequences where larger A cations P Perouskife af high Pressure
are present. [Adapted from Sc73). . . L
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Given smaller A cations, however, electrostatic screening between face-shared octahedra can be
achieved by displacements of the cations away from the shared face, and the structure competitive with
perovskite is generally built from an hexagonal-close-packed anion array, which has octahedral holes
sharing common faces along the c-axis. With one octahedral hole per anion and a cation/anion ratio 2/3,
the cations are ordered among these holes so as to minimize the electrostatic energy. If the A and B cations
carry the same charge, as in A3*B*+0,, only pairs of cations share common octahedral-site faces and there
is no ordering of A and B within the cationic array. This allows the electrostatic force between two cations
sharing a common octahedral face to be reduced by displacements of the cations away from each other,
thus distorting the octahedra. The result is the corundum structure of A1,0,. If the cations Aand B carry
different charges, as in A?*B#+0,, then the A and the B cations order into alternate puckered cationic
(111) planes of the rhombohedral corundum structure to form the ilmenite structure. However, where
there is a large difference in the cationic charges, as in LitSb®+0, and Li+tNb%+0,, two other alternatives
become competitive: (1) The A+ ions order in strings of face-shared octahedra so as to permit the
Bs+-jon octahedra to share only edges with near-neighbor occupied octahedra. This structure is illustra-
ted by LiSbO, {Ed7]. (2) After ordering B*+ and Li* ions whithin each cationic (111) plane of the corun-
dum structure in such a way that B+ and Lit ions share common octahedral-site faces, each A+ cation
is then displaced into the far face of its octahedron, where it is equally spaced from BS* cations above
and below so long as the B+ cations remain in the centers of their octahedra. This is the structure of
paraelectric LINbO, and LiTaO, [453]. : '

Where the A cation is too large (¢ > 1.0), the close-packed AX, layers of Fig. 1 (c) tend to change their
stacking sequence from cubic to hexagonal. However, the change from the all-cubic stacking of the
rhombohedral perovskite structure to the all-hexagonal stacking of the hexagonal (hex. 2L) CsNiCl,
structure goes via the three intermediate steps shown in Fig. 3 [Lof]. The first step is the hexagonal
* BaTiO, structure of Fig. 3(c). Itis asix-layer structure withstacking sequence a-b-c-a-c-b-a, corresponding
to one hexagonal stacking out of three. In this structure (hex. 61), two-out-of-three B cations form pairs
sharing a common octahedral-site face, and one-out-of-three B cation shares only common octahedral-site
corners as”in the perovskite structure. Many ordered compounds A;B,B'O, are known to have this
structure. §The second step, illustrated by the hexagonal BaMnO, structure of Fig. 3(d), alternates hexa-
gonal and cubic stackings with the sequence a-b-c-b-a. This four-layer structure (hex. 4L), contains only
B-cation pairs sharing common octahedral-site faces. The electrostatic forces between paired B-cations in
Figs. 3(c), (d) displace the paired cations from one another along the ¢ axis, exactly as in the corundum

Fig. 3. Stable structures intermediate to a) cubic perovskite and b) the two-layer hexagonal CsNiCl, structure, ) six-layer
hexagonal BaTiO, structure, d) four-layer hexagonal BaMnO, structure, e) nine-layer hexagonal BaRuQj; structure.
[Adapted from Ca2].
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structure. The third step is the nine-layer (hex. 9L) structure of BaRuQ,, which has two hexagonal
stackings out of three in the sequence a-b-c-b-¢c-a-c-a-b-a. Here the B cations form strings of three sharing
common octahedral-site faces along the c-axis. Electrostatic forces displace the two end-member B cations

by hydrostatic pressure, it is possible to convert under pressure and high temperature the hexagonal
structures to the perovskite structure through the successive sequence of steps. This is well illustrated by
the Ba,_,Sr,Ru0, system as shown in Fig. 4(a). These particular intermediate structures appear to be
stabilized by the cation displacements, but at the cost of alternating the stacking sequence. The (hex. 4L)

structure, which has the maximum alternation of stacking, is not always found, and the intermediate
structures tend to be stabilized by smaller B cations, as illustrated in Fig. 4(b).

0
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& Fig. 4. a) Ba,_,SryRuQ;. p — x phase diagram where p is
/) »> hydrostatic pressure [Lof), b) structural phase diagram of
[/ a2 0% a5 08 10 CsBF; compounds [Lo/b].
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3.1.2.2 O-orthorhombic structure

Cooperative buckling of corner-shared octahedra, although indexed on a monoclinic pseudocell in
earlier work, may produce the orthorhombic primitive cell of Fig. 5 containing four formula units. It was

with CrK, radiation could be indexed on the monoclinic pseudocell containinga single GdFeO, molecule,
which is the origin of the earlier classification. The pseudocell dimensions of GdFeO, area = ¢ = 3.87A,
b = 3.83 A, § = 92.8°, where 2bpsendocell = Ctrue cell- The true orthorhombic cell is referred to in the tables
as O-orthorhombic and is distinguished from the O'-orthorhombic structure by a lattice-parameter ratio

Fig. 5. GdFe0Q, O-orthorhombic structure.
¢qb =X BXyB,, ¢ =< B,X;B,.
Fig. from [Ve12], structure [Ge/), coordinates{Co27].

coordinates
ion position x | y | z
Gd™ 40 —0.018 | 0.060 3
Fe'* 4(b) ; 0 0
or 4(c) 0.05 0.470 s
Oﬁ 8(d) -0.29 0.275 0.05

O 8% @~ et

away from the center B cation of each string, as shown in Fig. 3(e). Because cubic stacking is stabilized

first identified in single crystals of GdFeOQ, [Ge!] and later confirmed {Co21]. Powder photographs taken
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cla > VE, wherea < b. The O'-orthorhombic structure, which has ¢cfa < V2, is the result of a super-
posed Jahn-Teller (with or without spin-orbit coupling) distortion. Itis also to be distinguished from ferro-
electric Of-orthorhombic and Of-orthorhombic distortions in which each B cation is removed from the
ed center of symmetry of its interstice. Other orthorhombic distortions have been reported for NdGaO,
[Br26]} and NaCoF;, [045].

?; The O-orthorhombic unit ceil has the probable space group Pbnm with A cations in positions 4(c):
be +(* 7 4 % — x %+, 1), the B cations in 4(b): (3, 0, 0; 4, 0, 4:0, 4 0;0, 4, }), eight anions Xy, in
L) 8(d): F(xy.z; 4 —xt+y. t—2z;% 3.4 +2. 8+ x 4 —y, z), and the remaining four anions X; in
te 4(c). Coordinates for the ions in GdFeOQ, arc also given in Fig. 5.

The buckling of the corner-shared octahedra decreases the cation-anion-cation angle @ from 180°. If
the B cations and the anions are distinguished as B, (3, 0, 0), B, (0, 4, 0), B, (4, 0, 1), Xnd + x4 —y2),
and Xy(4 — %, } + 3, }), then the two representative angles are &,, = (B, — X;; — B,) and D, =
(B, — X1 — B;). GILLEO [Gi4] has estimated that in La (Co, ,Mn, ;}O, these angles are @y, = 150° 4 3°
and @, = 177° + 3° with B, — Oy =1.95A, B, — Oy = 2.10A, B, — Oy =B, — Oy = 1.96 A. The
angles in GdFeO, are similar.

3.1.2.3 Rhombohedral structures

Where there is no buckling of the octahedra, the perovskites ABX; may have a small deformation
- from cubic to rhombohedral symmetry. Where this deformation does not enlarge the unit cell, it is
possible to index it either on a unit cell containing two formula units, as shown in Fig. 6, or on a unit cell
containing one formula unit. The corresponding rhombohedral angles are « ~ 60°ora = 90°. Inthe early
literature, detailed anion positions were not known, and it was common to use the smaller cell with
o ~ 90°. However, the anions are gencrally displaced so as to require the larger unit cell of Fig. o,
which has « ~ 60°.

is

in
as
°n
le,
A,
es
io

a

Fig. 6. Rhombohedral ABX structures: a) anion shifts for symmetry R3c; b) the simplest ionic displacements, corre-
sponding to symmetry R3m for ordered A,BB'X, structures having rg > ry [Ra3].

Anion displacements from their ideal positions may be of three different types: (1) AX,(111) planes
remain equidistant from neighboring B-cation (111) planes, leaving all the B-cations equivalent. Within
these planes, three A —X distances are reduced and three are enlarged via cooperative rotations of the
B-cation octahedra, as shown in Fig. 6(a). (2) The anions may move within pseudocubic {110} planes
including the B-B axes so as to create two distinguishable B positions: B positions having a shorter B-X
separation and B' positions having a larger B'-X separation. This gives the symmetry R3m, which allows
- the A cations to be displaced along the [111] axis so as to make the separations B-A # B'-A. (3) In the
most general case, the anion displacements may be decomposed into R3c and R3m components. The result-
ing symmetry R3 also gives distinguishable B and B' positions via its R3m component.

Although the distinction between these possibilities has been determined in only a few cases, it appears
that R3c can be anticipated unless there is a physical reason for creating two distinguishable positions B
and B'. This conclusion is based on the fact that LaAlQ, has been shown to have the symmetry R3c by
neutron diffraction, [De/4] nuclear quadrupole resonance [Mu5], electron-spin resonance, [K13] and x-ray
' techniques [Ge 4b, De7]. It is strongly supported by the observation [Ra3] that LaCoO;has the symmetry

- | R3c at low temperatures, where all of the trivalent cobalt are in their low-spin state, but has the symmetry
R3 at higher temperatures where thermal activation creates a nearly equal population of high-spin and
low-spin cobalt jons. These are crystallographically distinguishable, via different ionic radii, as B and B'.
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3.1.3 The influence of localized-electron ordering
3.1.3.1 Crystal-field theory

Crystal-field theory rests on the assumption that the outer electrons to be described are localized at
discrete atomic positions. This assumption is valid for outer f electrons; it is valid for d electrons in
fluorides and in many oxides. Given this assumption, the Schroedinger equation ¥y = Ey that describes
the localized orbitals and their energies contains the Hamiltonian

H =Hy + Va + Vew + (Vs + Vacan + Vit 2 Vi) (2)
3

where ¥, is the Hamiltonian for a hydrogen-like, spherical potential, Vg is the atomic correction for
spherical symmetry that enters if there is more than one outer d electron, and Vew is the energy correc-
tion due to the cubic component of the crystalline fields. For outer d electrons, Ve and Veup are generally
~1eV, and the ion is in a high-spin or a low-spin state depending upon the relative magnitudes of these
two terms. In the case of 3d electrons, the perturbations listed within the parentheses are all <0.1eV,
and they must be considered simultaneously. Vig = AL-Sis the spin-orbit coupling energy, and covalent
mixing reduces slightly the parameter 1 from its free-atom value. Vpeub is the noncubic component of the
crystalline field, V; is the elastic coupling energy associated with cooperative local distortions, and Vyjis
the magnetic exchange energy coupling localized atomic moments on neighboring cations.

Solution of the zero-order equation 3,y = E y gives hydrogenic wave functions fim = R (r) YT (8, ¢).
From the spherical harmonics Y7 (6, ¢), the d electrons (I = 2) have the following angular dependence

and azimuthal-angular-momentum quantum number m derived from L, f = —ih3f[dd = mhk f:
fa ~ (322 — r2)[r? = (3 cos?8 — 1); m =0
(fp & ifg) ~ 2(zx & iy2)/r* = sin 20 exp(+i¢); m=+1 (3)
(fs + ifc) ~ (2 =9+ i2xy)/r? = sin? 0 exp (+:i29); m = 42

where 0, ¢ are conventional spherical coordinates. The perturbation Vg reflects the fact that outer
electrons of parallel spin are excluded from one another and therefore screen each other less from the
positive atomic nucleus than do those of antiparallel spin. This correction is responsible for Hund’s
highest-multiplicity rule for the free atoms. It influences the radial part of the wave function, and hence
the relative energies of states of different spin, but not the angular part.

Given the cartesian axes at a B cation formed by the principal axes of its octahedral interstice, the
five d orbitals of Eq. (3) are separated into two symmetry groups; f, and fg, which are directed along the
cartesian axes toward near-neighbor anions, have E, symmetry and are referred to as e, orbitals; f¢, fp.
and fg, which are more stable because they are directed away from the near-neighbor anions, have Tgy
symmetry and are referred to as orbitals. The principal contribution to the cubic-field splitting 10 Dq
of T,, and E, energies is due to covalent mixing, not to electrostatic energies as calculated on a point-
charge model. If covalent mixing with the near-neighbor anionic and A-cationic orbitals is introduced,
then the crystalline localized orbitals of f,, and e, symmetry become

v = Nt(ft - An¢n + 1A¢A) a (4)
Ye = Nc(fe - As¢, - lo‘¢o’)

where f, and f, are linear combinations of the atomic fg, fp, f& and fa. f8 orbitals. The symmetrized
anionic p,, s and p, orbitals are ¢, $sand ¢_; the symmetrized A-catonic s, p orbitals are ¢,. The covalent-
mixing parameters 4,, 4 Aa, 4y are roughly proportional to the overlap integral for atomic orbitals on
neighboring ions and inversely proportional to their energy separation. Initially, theenergy separations of
cationic d and @, or ¢, are given by Ey — Ej, the difference between the Madelung energy and ionization
potentials for the “effective’’ ionic charges, so that by symmetry

10Dq = Ay + (2 — 2) (Ex — E1) A < 4o ' )

where Ay is any electrostatic contribution to 10 Dq. The one-electron crystal-field splitting of the d-state
manifold is shown in Fig. 7(a). The relationship A, < 4, has been confirmed by puclear magnetic
resonance studies of KMnF,, KNiF, and K,NiCsF, (Sk30, Hu4]. In these experiments the fractional
occupancies by unpaired spins of the 2s, 2p,, and 2p,, orbitals are:

Fxy = 2SA, Ay ~ N2R, f7,=2SA,|Asy ~ NE& [#n =25Aa/Asp ~ NiZ%

where A4, is the isotropic component and 4, 4,the anisotropic components of the hyperfine interaction
tensor Ay entering the nuclear spin-electron spin coupling energy Iy~ Ay - 8. Interpretation of the
phenomenological parameters 4, 1, and 10 Dq has been discussed extensively [Hu4].

With more than one outer d electron or & hole, it is necessary to introduce Vg, which is responsible
for Hund’s highest multiplicity rule (highest net S and L) for the free atoms. For four outer electrons,
the atomic ground term is therefore °D. Ina crystal, this rule may break downasa result of the crystalline
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275 Ref. p. 275] 3.1 ABX, perovskite structure

fields. Schematically, the Hund splitting Ae, for states of different spin and the one-electron splitting 10 Dq
may be represented on the same energy diagram, as shown in Fig. 7(b). It follows from this figure that
with four to eight outer 4 electrons, the magnitude of the net ground-state spin depends upon whether
at {(dex — 10 Dq) is positive or negative. If dex > 10 Dq, the ion is in a high-spin state; if 4oy < 10 Dq,

{y(”

e J
Ef/”//f/”/c% 777 ty(H)

3) tzy = 0 along carfesion oxes Effective Y7777

&g maxima on carfesian axes Afom point Crystal b
chorge field
a
Fig. 7. One-electron crystal-field splitting of the d-state manifold of a transition-metal B cation in a cubic perovskite:
a) 4.y = 0 and b) schematically for 4., # 0, corresponding to more than one outer d electron.

o uwoH

Hund's rule breaks down and the ion is in a low-spin state. Since Ay decreases with larger radial exten-
sion of the crystalline wave functions, it decreases with increasing covalent-mixing parameters 1, 4.
Simultaneously, from Eq. (5) it follows that 10 Dq increases with increasing covalency. Therefore there
is a critical amount of covalent bonding beyond which Hund’s rule breaks down. Covalency with a
» particular anionic sublattice increases with cationic charge and on going to the right through any long
¢ period of the periodic table. In oxides with the perovskite structure, only divalent and trivalent ions of
q the first long period are high-spin. Of these, trivalent nickel is low-spin and trivalent cobalt exhibits a
variable high-spin to low-spin population as a function of temperature.

In general, it is necessary to use a multi-electron notation for the outer 4 electrons. Whereas atomic D
states are split by the crystalline fields as shown in Fig. 7, atomic F states are split as shown in Fig. 8.
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w

Because the operator L, = —{/2/d¢ is imaginary, the crystal-field splitting of fz and f; quenches the
orbital angular momentum associated with these orbitals, so that the eg orbitals have m = 0, 0 and the
, : 4, orbitals have m = 0, 4-1. An isomorphism between fg, fp, fg and atomic P orbitals simplifies calcula-
3 tion of Vis. It is possible to treat the#,, orbitals as atomic P orbitals if the sign of the spin-orbit-coupling

w
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parameter 2 is reversed [Gr9]. Therefore ground states having an orbital degencracy and m 5= 0 are split
by Vi into (2] + 1) multiplet states corresponding to states of different | = L + S. However, the
order of the levels is inverted (largest J lowest for less than five d electrons, smallest [ lowest for more
than five d electrons) because of the change in sign of . According to the Landé interval rule, the separa-
tion between states J and J + 1is || (J + 1). The first-order multiplet splittings, which do not include
mixing of higher states of similar symmetry, are shown in Fig. 9 for Fe?t and Co?* ions. Note that the
term is now identified by its symmetry character T,, or T, rather than by its atomic orbital-momentum
character D or F. Tab. 1 summarizes the various symmetry notations for different spin states.
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Fig. 9. Schematic spin-orbit plus trigonal-fiekl, or tetragonal-ficld, splittings of cubic-field levels as a function of the
ratio §f( —A) for a) 3T,g level of Fe* and b) *T,g level of Cozt.

Spin-orbit coupling introduces an axial symmetry to the charge distribution, where the spin (or
atomic-moment) defines the axis. Therefore, if there is a noncubic component to the crystalline field
(Vaeub # 0), then there is a spin-lattice interaction via the orbital-lattice interaction that introduces a
magnetic anisotropy. For localized electrons, this is a local, one-ion anisotropy. Conversely, if the spins
are ordered below some transition temperature, then the local interstices have time to relax about the
noncubic charge distribution, thereby distorting the octahedral site. Therefore there is an intimate
connection between the noncubic symmetry and the magnitude of the multiplet splitting. The noncubic
component is usually parametrized as

Vacu = ‘S(Li — 3 ’ (6)

and Yig. 9 includes the total perturbation Vg -+ Vyeay of the one-clectron and two-glectron ground states.

With one or two holes in a half-shell, the one-electron and two-electron energy diagrams are inverted.
In these cases My, = Zym; = 0, so that Vg = 0, and there is no multiplet splitting.

Tab. 1 also displays the general ground-statc wave functions for a magnetically ordered phase having
collinear spins. The cocfficients a,, a,, a; of the Kramers’ doublets and b, b, of the singlets all depend
upon the relative magnitudes of the five perturbation terms Vig + Vieuwn + Vi + 5, where 5, is
the Zeeman energy due to the internal molecular field resulting from magnetic order. The molecular-
field approximation is used for the first-order, isotropic magnetic-coupling energy ¥y, which is the
dominant term in X Vy; [see discussion of Eq. (13)). This gives

]

Hz =~ 2]p (S>S, (7)

where [,, the sum of all near-neighbor exchange parameters, can be determined from the temperature
dependence of the magnetic susceptibility and z is along the axis of the average spin (5 on the neighboring
cations. This term contributes to the spectroscopic-splitting factor g, and hence to the net atomic moment,
if Vg # 0. In Tab. 1, the components of the wave functions are designated by the notation |My, Mg >,
where My, Mg are the azimuthal quantum numbers for the net orbital and spin momenta.
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3.1 ABX, Perowskit-Struktur [Lit. S. 275

3.1.3.2 Jahn-Teller distortions

If the cubic-field ground state of the B cation is an orbitally two-fold-degenerate E, state, then the
1y, orbitals are either full or half-filled, so that My = 0, and there is no spin-orbit coupling (V5 =0).
Jann and TeLLER [Ja6) have shown that, if there is no perturbation available to remove a ground-
state orbital degeneracy, then there will be a spontaneous distortion to lower local symmetry below some
transition temperature @yans < Tmert Where Ty is the melting point. Since the energy gained by a local
distortion is reduced by the work done against the elastic restoring forces of the crystal, transition tem-
peratures Oypng are small for isolated ions. However, if all of the B cations are similar, then cooperative
distortions are possible, and the net energy gained per ion is much greater because of the elastic-coupling
energy V,of Eq. (2). Such a cooperative phenomenon is characterized by thermal hysteresis and a definite
(usually first-order) transition temperature. Since they are due to electronic ordering, such transitions
are martensitic.

VAN VL0ECK [Val5] pointed out that the normal vibrational modes that split an E, electronic state
are themselves twofold-degenerate with symmetry E,. One mode gives the interstice a tetragonal distor-
tion, the other an orthorhombic distortion. It follows that, from first-order theory, there is no static
distortion of the interstice, only a dynamic coupling between the electronic charge density and the
vibrational modes. Moreover, this dynamic coupling greatly enhances the two E, vibrational modes and
gives a dynamic splitting of the electronic E, state. This mechanism has important consequences for the
acoustic properties and, as discussed in 3.3, for the sign of the magnetic superexchange coupling.

Inclusion in the theory of higher-order coupling terms and anharmonic elastic terms shows that a
static, tetragonal (c/a > 1) distortion of the interstice is stable below some Gtrans [Kaf0]. This sign for
the static distortion was first established experimentally through the interpretation [Go75] and further
study of cooperative tetragonal-to-cubic transitions in spinel systems. However, application to the perov-
skites requires a solution of the lowest-energy cooperative distortion via inclusion of the elastic-coupling
energy V,. GOODENOUGH [Go6) proposed that individual tetragonal (c/a > 1) octahedra order their long
axes alternately along [100] and [010] axes of the pseudocubic cell. KanaMorI [Ka70] generalized this
solution to include an orthorhombic component to the local-octahedron distortions. This gives B-B
separations within (001) planes having a long (1) and a short (s) B-X separation and along the {001] axis
two intermediate (m) B-X separations where s <m < (I 4 s)/2. This prediction was later verified by
HepworTH and Jack [He9] for [0 MnF, and by Oxazaxi [Ok1] for KCuF; (see Fig. 10). Superposition
of this distortion on an O-orthorhombic cell stabilizes the unique axis along the orthorhombic ¢-axis, and

A
': 6 o Cu** and completely Fig. 10. Cooperative Jahn-Teller distortions in a) [JMnFy
7 filled dyy orbifal and b) KCuF,. c) Configuration of hole-orbitals at Cu** ions
b OF ® Kt of tetragonal KCuF, [He9, Ok1].
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275 Ref. p. 275] 3.1 ABX, perovskite structure'

the axial ratios of the O-orthorhombic cell are transformed from a < c/l/ito cf V2 <a. To signal the fact
he that a Jahn-Teller distortion (with or without spin-orbit coupling) has been superposed on a distortion
0). due to relative ionic sizes, the notation O'-orthorhombic is used in Tab. 2 wherever c/ﬁ < a.
- The important B cations that exhibit dynamic and static JARN-TELLER stabilizations in the absence
ne of spin-orbit coupling are: Cu?+ 2E, (t5.e3), Cr2+ .and M.n3+ SE (2.ed). NjHI 2E, (t:ze}), where Roman numer-
.al als are used for the valence state of a low-spin cation. Tab. 2 shows that O'-orthorhombic symmetry
n- -above a magnetic-ordering temperature is associated with these ions, provided the 4 electrons arelocalized,
ve and only with these ions, with the exception of LaVQ, and CeVO,, where sharply enhanced distortions
ag appear abruptly below @y [Ro3; Gof0]. The cubic 3T, state of V3+ is orbitally threefold-degenerate, so
ite thatit may induce small distortions above @y, larger distortions below Oy (see discussionGof4). LaNiO,
s remains R3¢ because thee, electrons are collective. In La,Li, ;Ni, ;O crystals, on the other hand, the
ordered Nilll ions have localized ¢, electrons, and there is a tetragonal (¢/a > 1) distortion. The sign of
te this distortion is manifest by the large c/a ratio. Strictly speaking, this is not a Jahn-Teller distortion, since
- the K,NiF, structure is tetragonal, but ordering of the localized electron of unpaired spinin the tetragonal
tic field distorts the Nilll gctahedra to tetragonal symmetry with axes parallel to the unique axis. Pure
he Jahn-Teller distortions can be distinguished from distortions associated with spin-orbit coupling because
nd they are independent of magnetic order and generally occur at a Ogans above the magnetic-ordering
he temperature. .
a 3.1.3.3 Spin-orbit coupling
‘or B cations having cubic-field ground-state terms T,, or Ty, are orbitally threefold-degenerate with
er Mg =0, 41, so that Vg % 0. The combined perturbations Vs + Vacun separate into secular equations
v- for different M, as shown in Fig. 9. Witha single outer clectron, the 2T, cubic-field term is split in two,
ng the energies for different M shifting by
g Eyp =48 — 42 .
. Efy= —40 + 1A £ $(6° + A6 + B4 ®
ds where 4 > 0. In a cubic field
oy Eyp = Eqp = Ejjp — 32, )
on and spin-orbit coupling leaves an orbitally twofold-degenerate ground state. Therefore it is necessary to
d i consider an additional Jabn-Teller stabilization via Vyewn + Vi -+ Hy. GOODENOUGH [Gol4] has
shown that it is necessary to consider two temperature regions: 7 > @y and T < @y, where Oy is the
temperature below which the spins order collinearly. In the paramagnetic domain T > @y, the molecular
fields vanish (<S> = 0) and, from Eq. (7), #°z = 0. In this case, the ground-state energy varies as
(6%/4). Since the work done against elastic restoring forces is g, 6%, there is a spontaneous Jahn-Teller
distortion, corresponding to ¢ > 0, at a @yans > @y only if the product g, is relatively small. In the
magnetically ordered state (I' < Oy), on the other hand, there is an internal molecular field Hjg at each
atom, which produces a Zeeman splitting of the orbitals of different spin. The magnitude of this splitting
depends upon the spectroscopic splitting factor, which has the components
g =2 —2g(8/4) and g =2 4 £,(8/4) (10)
where g, > 0. Therefore the Zeeman splitting in the molecular fields is maximized by making é < 0 and
having the spins parallel to the unique axis defined by 4. Further, this energy is linear in 4, so that a
spontaneous distortion should occur at some Ouane < On. A similar argument holds for the orbitally
twofold-degenerate J = 1 and J = } states of octahedral-site Fe** 8T,, and Co2+ 4T,

In summary, if multiplet splitting leaves a ground state with a twofold, accidental orbital degeneracy,
then there is a spontaneous Jahn-Teller distortion at some Otrans that removes this degeneracy. If
Otrans > O, then ¢ > 0. However, this alternative requires special crystallographic conditions that do
not appear to be met in perovskites. On the other hand, a Otrans < Gnand ¢ < 0 can be generally anti-
cipated wherever the spins order collinearly and the d electrons are localized. Further, from Egs. (3) and
(6), it follows that T, states (one outer 4, electron) have § < 0 if the site symmetry is tetragonal (¢/a > 1),
whereas T, states (two outer #,; electrons) have 8 < 0if it is tetragonal (c/a < 1). Alternatively, distor-
tions of the site symmetry may be to trigonal symmetry. A é < 0 corresponds to & < 60° for T,, states,
to o« > 60° for T, states. These relationships are also summarized in Tab. 1. Experimentally, Fe?t *T,,
octahedra become trigonal (a < 60°) below Oy, as exhibited by KFeF,, whereas Co?t 4T, octahedra
become tetragonal (c/a < 1) below @y, as exhibited by KCoF;. Where Otans = On, the magnetic-
ordering temperature may be first-order. In addition, the spontaneous distortions introduce large magne-
tostriction and magnetic anisotropy.

The cubic-field ground state of V3+ 3T, is orbitally threefold-degenerate. As a result, any sponta-
neous distortion must correspond to § < 0, i.e., tetragonal (¢/a < 1) or trigonal {« > 60°). However, as
in the other cases a @uans < O is to be expected in the perovskite structure. The V3t ion generally

F, occurs in an O-orthorhombic perovskite, and superposition of a tegragonal (c/a < 1) distortion with
ns coincident unique axes again results in O'-orthorhombic symmetry. The perovskite LaVOy exhibits an
abrupt contraction of the ¢-axis on cooling through @y.
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3.1.4 The influence of collective-electron ordering
3.1.4.1 Band theory

Conventional band theory rests on three principal assumptions: (1) A description of the outer electrons
may be built up from solutions of a single electron moving in a periodic potential. (2) Multiplet structure
on individual atoms may be disregarded. (3) Electron-phonon interactions may be treated as a small
perturbation. For an infinite crystal, the unperturbed solution of running waves in a periodic potential
gives the Bloch functions and energies

vkm = explik - 7) unm(r); Ex = Eo + h2R[2m* (11)

where %k is the momentum of an electron of effective mass m* and uk(r) is a periodic function. In the
tight-binding approximation appropriate for narrow bands, the Bloch functions are

pp(¥) = 1VN Zl}lcxp Gl R w(r — 1)

n-1

where w(r — R,) is a localized wave function for the atom at R, defined by
w(r—R,) = 1/V7V—2 exp [tk - (v — Rp))ug(r)
and wg(v) is a localized crystalline orbital. At tl:e Brilloin-zone boundries defined by
2k- K + |K|? =0, ) (12)

where K is a rcciprocal lattice vector, there are energy discontinuities in energy-momentum space. In
polar insulators, this introduces an energy gap E, between occupied, primarily anionic states and empty,
primarily cationic states. Cooperative displacements & of the cationic sublattice relative to the anionic
sublattice may increase this gap, thereby stabilizing the total energy of the occupied states by &, 8% Since
the resulting elastic-strain energy is ¢, 6%, there can be a spontaneous displacement only for the exceptional
case g, < & and a ground state corresponding to a small distortion parameter §. In this case vibrational
entropy may stabilize the higher symmetry at the higher temperatures. This differs from the usual
criterion for spontaneous distortions, where a term linear in d is identified. There appear to be two situa-
tions occuring in perovskites where the requirement ¢, < ¢ is met: (1) Where B-cations have empty 4
orbitals, there is a critical range of covalent-mixing parameters through which the site preference changes
from octahedral to tetrahedral. In this range g, is very small for B-cation displacements within an octa-
hedron that reduce the coordination number from six towards four. The origin of the small ¢, is a balance
of the electrostatic energy lost and covalent-bond energy gained on going to smaller anion coordination.
(2) The high polarizability of the outer core electrons of Pb2+ and Bi®+ ions makes g, relatively small, so
that displacements that permit a relatively large ¢, can occur spontaneously.

What, distinguishes these spontancous distortions from those due to an ordering of localized clectrons
is the displacement of the cations from the centers of symmetry of their interstices. (The jahn-Teller
distortions, with or without spin-orbit coupling, leave the cations in the centers of symmetry of their
interstices.) Unlike the structures, such as corundum, where pairs of octahedra share a common face,
these cationic displacements from the centers of symmetry of their interstices do not follow from point-
charge electrostatic arguments. In polar insulators, these displacements lead to ferroelectricity or anti-
ferroclectricity, and they often induce displacements of neighboring cations. Further, where the require-
ment g, a & occurs just above @imps, there must be a strong interaction of the bonding (mostly anionic)
electrons with those vibrational modes that anticipate the cooperative ionic displacements below @rans.
These “soft” vibrational modes impart several anomalous physical properties, including a high clectric
susceptibility.

3.1.4.2 Distortions due to B-X bonding

Transition-metal cations having no outer d clectrons have the following site preferences:

Se3 Tidt+ Vst Crst Mn? +
Yt Zrit Nb* Mot Tcr+
Hiv Tast Wet Re'*

where cations at the left of cach row have definite octahedral-site (or larger anion coordination) preference
and thosc to the right have definite tetrahedral-site preference. Those underlined by a solid line may be
stabilized in the octahedral sites of a perovskite-type structure, but they tend to induce spontaneous
ferroelectric or antiferroelectric distortions, the ions moving cooperatively out of the centers of symmetry
of their interstices. The ions underlined by dashed lines only occur in ordered perovskites A,BB'O, and
A,BB;0,. In general, they are found in tetrahedral sites or in strongly distorted octahedral sites. How-
ever, in the ordered perosvkites they are able to strongly polarize the anion near neighbors so as to stabilize
the octahedral symmetry.
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275 Ref. p. 275] 3.1 ABX,; perovskite structure

It is significant that spontaneous:ferroelcctric distortions are only induced by B cations if these are
transition-metal cations having empty d orbitals. It is also significant that the change from octahedral-
site to tetrahedral-site preference is associated with a relative stabilization of the 4 orbitals (larger atomic
number in any long period) as well as with a decrease in ionic size. (The ionic radii decrease in the order

as i Y3+, Sc3+, Hft+, Zrt+, Tas+, Nbs+, Titt, W6+, Mot+, Re?*, V8+ Tc¢7t+, Cré+, Mn?t+). The greater the relative
re ; stability of the 4 orbitals, the larger are the parameters 4, and 1, of Eq. (4), and these are enhanced by
Al any displacement that decreases a B-X separation. Such an enhancement stabilizes the occupied states
al : at the expense of the d states, and a net stabilization can occur if the d states are empty. Also the smaller
i the cationic size, the smaller the elastic resistance to displaccments within an octahedral interstice. (Phe-

1) : nomenological ionic models for the ferroelectric distortions have also been given [Me7, Ha33].)
There arc three B-cation displacements relative to their octahedral interstices that would simulta-
he neously stabilize the occupied anionic p, orbitals relative to the unoccupied f,, orbitals: (1) Tetragonal

symmetry. Displacements along an [001] axis that create alternate long and short B-X distances along
this axis would stabilize s, p_ and the two P, orbitals per anion on this axis and strongly polarize the
charge density toward the short B-X separation. (2) Orthorhombic symmetry. Displacement along a [110]
axis that created two shortest and two longest B-X distances would stabilize the s, p, and the two p,
orbitals per anion on two out of the three cartesian axes. (3) Rhombohedral symmetry. Displacement
along a [111] axis would stabilize the s, p,, and the two P, orbitals per anion on all the anions. These three
: possibilities are illustrated in Fig. 11.

i Such distortions also induce changes in the A-X separations, and the particular cooperative distortion
5 that is stabilized depends upon the character of the A-X bonding. The covalency contribution to the A-X
2) bond increases with formal A cationic charge; for a fixed charge it decreases with increasing atomic
: number of the A cation down any column of the periodic table. If A-X covalent bonding is relatively

%In 3! strong and the perovskite is distorted to O-orthorhombic symmetry, all ferroelectric distortions may be
Xc ' quenched because the p, orbitals are stabilized by o-bonding with the A cations. - This appears to be

: illustrated by CaTiO,, and almost so by $rTiO;. On the other hand, if the A atom is stabilized by a
ll(:i | polarization of its outer core electrons (Pb** and Bi%+ as discussed in 3.1.4.3), then a tetragonal, ferro-

1al electric distortion is stabilized so as to allow a cooperative displacement of the A and B cations, the A
1al cation moving along the {001] axis to stabilizc two P orbitals per anion not on [001] axes. This is illustrated
by the PbTiO, structure of Fig.12. If the covalency contribution to the A-X bonding is relatively weak,

;a{; then the B-X covalency contribution should dominate. For large A cations (¢ > 0.9), this would stabilize
ves a ferroelectric, rhombohedral distortion at lowest temperatures, as illustrated by BaTiO,. As the tempera-
Ea- ture increases, successive distorted structures (RE— Of — TE — C) introduce incremental additions to
rce the entropy. However, a small A cation and weak A-X covalency contribution may lead to a ferroelectric
o distortion superposed on the O-orthorhombic structure to give the Of-orthorhombic structure of CdTiO,
g(; or NaTaO,shown in Fig. 13. Even morc complex distortions arc found in NaNbO, [Vo6]. The room-tem-
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perature form has parallel pairs of (001) NbO, planes coupled antiparallel to give an antiferroelectric phase,
as shown in Fig. 14. The Na atoms are also displaced antiparallel to one another.

3.1.4.3 Distortions due to core polarization: Pb**and Bi®+

Lead and bismuth are heavy ions, and the 6s orbitals are sufficiently more stable than the 6 orbitals
that Pb?+ and Bi3t ions are commonly stable. However, the outer 6s? core electrons have a relatively
large radial extension, making the ionic radius large, and this reduces the overlap of the 6p orbitals with
the orbitals on near-neighbor anions. This reduction in overlap reduces the strength of the A-X bond.
However, hybridization of 6s and 6p orbitals, which costs the energy separation of 6s and 6p orbitals,
produces a polarization of the outer-core electrons, so that the effective ionic radius is much smaller on
one side of the cation than on the other. This permits the formation of a much more stable bond on one
side of the cation, and the energy gained in this bonding may be greater than the hybridization energy
required to polarize the core. It is for this reason that Pb*+ and Bi®* ions are stabilized in many crystals
with an asymmetric anion coordination.

There are three possible displacements of the A cations that would stabilize the anion p, orbitals
(which ¢-bond with the A cations): (1) Tetragonal symmetry. Displacement of the A cations along [001]
axes to stabilize the two p, orbitals per anion not on {001] axes, as found for PbTi0, (see Fig. 12). (2) Ortho-
rhombic symmetry. Displacement of the A cations along [110] axes to stabilize strongly one p, orbital per
anion on [001] axes and less strongly one p, orbital per anion not on [001] axes. The smallest induced
distortion of the B-cation octahedra occurs for an antiferroelectric displacement of the type illustrated by
PbZ10,, Fig. 15. (3) Rhombohedral symmetry. Displacement of the A cations along {111] axes to stabilize
strongly one p,, orbital per anion. To be cooperative, such a distortion must be ferroelectric, as in BiFeOy,
Fig. 16. Further, since the A cation is moved toward a B cation, there is an electrostatic repulsion between
them that displaces the B cation from the center of symmetry of its interstice.

Given spontaneous distortions due to A-cation displacements, there remains the possibility that elec-.
tron ordering among localized d electrons on B cations can superpose an additional distortion. Whether
this is the origin of the triclinic symmetry reported for ferromagnetic BiMnO,, where Mn®+ is a Jahn-
Teller ion, is not known.
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C}m - n O
(8) 0
225

(¢}
o

‘/59
y( 4 00 et ol b

z
Fig. 15. a) Pb-ion shifts { =~0.26 A) in a (001) plane of anti-
Fig. 14. Ionic displacements in orthorhombic NaNbO,. The  ferroelectric PbZrO;. b) Distorted Zr octahedra as a result of
shifts of the anions in NbO, planes and the small ¥ shifts of simultaneous anion displacements. Zr-O distances are given
the Nb ions have been omitted for clarity [Vo6]. in [A] [Sa8, Jo5].
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se, 3.1.4.4 Competitive phases

A few compounds have atomic radii compatible with the formation of a perovskite phase and yet
are stabilized in other structures at ordinary temperature and pressure. Two important competitive
structures of this type are represented by YAlO, and PbRuOQj;. Both of these compounds convert to

als the perovskite structure under hydrostatic pressure.
1y The hexagonal YAIO, structure of Fig. 17(a) consists of close-packed layers having the sequence
th b-a-b'-a-b-c-b'-c-b, where b is an A-cation layer, b' is a B-X layer with anions stacked beneath A cations
. (b stacking) and B cations in the trigonal bipyramids formed by face-shared tetrahedra in the hexagonal
Is, a-b-a or ¢-b-c anion-stacking sequence. The structure apparently forms because both the A cations and
on the B cations simultaneously approach the lower limit for cationic size: rg = 0.51 A, vy, =090A. The
ne small Al*+ ion is relatively stable in the five-fold coordination of the trigonal-bipyramid sites, and the
8Y small Y3+ ion is more stable in an eightfold (or 6 + 2) coordination instead of a twelvefold (or 9 + 3)
s coordination. These site preferences reflect an increased stabilization of the bonding, anionic orbitals as a
result of closer cation-anion distances. N
ils The antiferromagnetic, ferroelectric compound YMnOj has a similar structure, but with an a-axis V3
1] larger than that of YA1O, to give six molecules per unit cell. The Mn®* ion can be stabilized in a trigonal-
t0- bipyramid site because it has four outer d electrons with configuration eXe? al, where the empty , orbital
er is directed along the c-axis to bond covalently with the two collinear oxygen ions. The larger unit cell
ed and the ferroelectricity are reflected in the complex magnetic order shown in Fig. 17(b). Below Oy,
by exchange striction favors antiferromagnetic Mn-O-O-Mn interactions. The ferroelectric transition that
ze occurs above 600 °C is apparently due to the relatively large size of the Mn3* ion, which creates a large
Y5 enough interstice for the Y®+ ion that itis stabilized by a displacement from the center of symmetry of its
en interstice so as to lower its near-neighbor anion coordination from eight toward seven.
ic-
ter
n-

Ot @Y eAM b
@bt M OO0 a
Fig. 16. Structure of BiFeO, showing displacements Fig. 17. a) Comparison of the unit cells of YALO, (solid lines)
in perovskite subcell [M10]. and YMnO, (dashed lines). b) Magnetic structure of YMnO;

[Be36, Be39).
a = 3.678 A, ¢ = 10.52 A for YAIO,.

Cubic PbRuQ, gives an x-ray pattern of the pyrochlore structure, corresponding to chemical formula
A,B,0,, and therefore may be written as Pb,Ru,0,®. This structure is competitive with the perovskite
structure in several PbB4+ 0, compounds. It has been shown [Lo4] that the anion vacancies ® are located
at the centers of Pb#+-ion tetrahedra sharing common corners and that the electrostatic repulsion between
the Pb ions may be counteracted by a transfer of the two outer-core electrons per Pbion to the @ sites, which
act as traps for four electrons per vacancy. Thus the outer core electrons at the Pb®t ions induce a com-
pletely new structure rather than a ferroelectric-type displacement of the A-cations within the perovskite
e structure. This new structure contains B cations in corner-shared octahedra, as in perovskite, but the
of B-X-B angle is reduced to about 135°. This structure is also stabilized in AgSbO, [Sc22] presumably
ren because there is a small effective charge on the Ag+ions. The pyrochlore A,B,0, structure itself is compet-
_itive if attempts are made to force a low valence state on one of the cations.
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3.1 ABX, Perowskit-Struktur [Lit. S. 275

3.1.5 Structures encountered with ordered B, B' cations
3.1.5.1 Same B atom

There are three ways of creating two different cations from the same atom:

(1) Two A cations of different valence can create two different valence states of the same B atom,
and these may order at lower temperature as a result of different cationic charge. The ordering temperature
may be quite low, since only electron transfers are required for cationic ordering. This is illustrated by
(Lay;Ca, ;) (Mn3tMn¢t)O,, which has the Mn®+, Mn‘* ordering in a rocksalt-type array. Because
Mnd+(f3ze}) is a Jahn-Teller ion having localized outer 4 electrons, there is also a cooperative distortion
to tetragonal (¢/e > 1) symmetry of the Mn®*-occupied octahedra, and the ordering of these distortions
gives a macroscopic distortion to tetragonal (¢/a < 1) symmetry (see Fig. 26).

(2) Where the energy difference between the high-spin and low-spin states of the B cation are nearly
equal, the populations of the two energy states approach each other at higher temperatures. In LaCoQ,,
high-spin Co3+ and low-spin Co!I are separated by only E;y — Eypp ~ 0.08 eV, and the populations of the
two spin states are nearly equal at 400 °K. This temperature is sufficiently low that ordering of the two
different spin states occurs above this temperature, and the symmetry changes from R3¢ to R3 [Ra3).
In this case, it is the difference in ionic size and covalent bonding, which results in a difference in the
effective ionic charge —not the formal ionic charge —that is the driving force for the ionic ordering.

(3) Disproportionation of B®* cationsinto B‘™~1+ and Bm+1+ cations may create ions of different size
and charge that become ordered. This is illustrated by (OPdF,, which has been shown by magnetic
susceptibility measurements to be Pd>+PA™VF, [Bal9)]. (The A cation is'missing.) Such a disproportiona-
tion permits the formation of (PdFg)*~ clusters in which the anionic orbitals are stabilized by strong
covalent mixing with the g-bonding 44 orbitals of gg symmetry. This is accomplished by a shifting of the
TF- jons toward the Pdé+ ions and away from the Pd*+ ions. Simultaneously, the anionic shift reduces
covalent mixing in the occupied, antibonding 44 orbitals of eg symmetry at the Pdzt ions. These orbitals
are therefore localized and further stabilized by intra-atomic exchange (Hund splitting), so that each Pd+
ion carries an atomic moment of 2ug. Were there no disproportionation, the single electron per- low-spin
PAM jon would occupy antibonding ¢ orbitals that were more unstable than the occupied, localized ey
orbitals at the Pd2+ ions. However, the transformation 2 Pd"l —» Pd?+ + Pd'V costs ionization encrgy,
and this is usually too large (as in LaNiQy) for disproportionation to occur.

3.1.5.2 Different B atoms

There are many examples of ordered B, B' structures in compounds having different B atoms:
AFBtB'3F; ALYBI+B'S+0,, AZTBB'6+0,, AT BB710,; AFtBB+0,, AjJ+*B+B'5 0, and A2+ B3 ¥B'**+0,.
In the A,BB'X, group, ordering is on alternate (111) planesof B cations, in the A,B,B'X, group the B'
cations occupy every third B-cation (111) layer, Fig. 1(c). The probability for an ordered arrangement
of the B, B' cations is determined by the differences between their ionic charges and their ionic radii
{Fe22, Fe23, Gal, Gal0]. To first approximation, the order-disorder transition temperature Gyq induced
by the charge difference Ag = (¢' — ¢) at cations B' and Bis Oga ~ (Ag)2. Thus superstructure has
been observed in all the known compounds having (A¢)? = 36 and 16, whereas those having (Ag)? = 4 are
disordered unless there is a relatively large difference in ionic sizes. The minimum difference
in ionic size that results in ordered A}+B3+B'$+Q compounds is |rg — #p | /rg ~ 0.09, and this has
been achieved where B' = Nb or Ta, having empty d orbitals for the formation of stable (B'Og)"~
clusters, while the B cation has no relatively stable, empty d orbitals.

Given the formation of (B'X,) octahedra, a confusion arises as to where the structure corresponds to an
ordered A,BB'O, perovskite built up of corner-shared octahedra plus A cations and where it corresponds
to the isostructural (NH,),FeF, structure, which consists of discrete (B'X,) octahedra separated by A and
B cations. (The cubic K;NaAlF,structure with space group T¢(Pa3) is similar to (NH,),FeF, but has a
lower symmetry because there are very small rotations of the (B'X,) octahedra.}) Some authors [Fe22]
select as a criterion for the perovskite structure the cationic radius ratio rgfry < 0.8 where rg > rgr. This
decision is based on the observation that a plot of the cubic lattice parameter a, vs. B-cation radius rgis a
straight line for 7gfr, < 0.8, but bends over for rg/r, > 0.8. However, this probably reflects the ratio at
which electrostatic forces inhibit (or reverse) any A-cation displacements rather than the ratio at which
discrete (B'X,) octahedra are formed. For most physical properties this criterion is probably arbitrary.

Without electron-ordering distortions superposed on the size effects, ordered A,BB'X, perovskites can
be described by either the O-orthorhombic cell of Fig. 5 or by the rhombohedral R3 (or R3m) cell of Fig. 6.
Where & = 60°, a tetramolecular cubic cell may be chosen provided the A cations are not displaced from
their ideal positions. Like cubic (NH,);FeF,, the cubic cell has the space group 0% (Fm3m) with B cations
in 4(b) (3,4.4); f.c., A cations in 8(c) & (},  }); f.c, B' cations in 4(a) (0, 0, 0); f. c., and X-anions in
24() 4+ (u,0,0;0,1,0;0,0,u); fc. with 0.2 <u < 0.25. However, even where &« = 60°, motions of the
A cations along the [111] axes may occur, thereby destroying the cubic symmetry.
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3.1 ABX,; perovskite structure .

275 Ref. p. 275]
If an electron-ordering transition superposes a distortion at every other octahedron of Fig. 5, either the

B or the B' octahedra remaining cubic, cooperative elastic interactions between the distorted octahedra

give a further reduction in symmetry. The resulting monoclinic cell [F79, BI§], which is pseudotriclinic, is

not to be confused with the pseudomonoclinic symmetry reported in early work for the O-orthorhombic

structures. The origin of the superposed electron-ordering transition could be either a Jahn-Teller ordering
n, of localized electrons or a ferroelectric-type displacement of the anions about a (B'X,) octahedron.
re Several Ca,B3+Ta’+0, and Sr,B*+Nbs+Q, perovskites having B = rare-earth atom exhibit the mono-
Yy clinic symmetry of a distorted O-orthorhombic cell {Fi8]. Since the 4f electrons at the rare-earth ions are
se localized, it is tempting to attribute this to a Jahn-Teller distortion with spin-orbit coupling. Although
n Fig. 9 shows that the octahedral site splitting of one-electron 4f orbitals gives orbitally threefold-degene-
us rate levels having an accidental degeneracy that is not removed by spin-orbit coupling, nevertheless there

are two reasons why this explanation cannot be correct: (1) There is no magnetic ordering of the 4f elec-
ly trons at room temperature and (2) St,GANbO, shows the distortion even though Gd®+* has a half-filled 4f7
), shell, which has no orbital degeneracy associated with the ground state. Itistherefore concluded that the
18 additional distortions are due to the potentially ferroelectric cations Nb%+ and Ta’+.
vo
1. 3.1.5.3 Complex alloys A,BB'X,, where B = M,;, B'= M,
e : .

Several complex interstitial alloys have a formal structural relationship to the ordered perovskite
e A,BB'X; as well as interesting magnetic properties. In this group, having space group Fm3m, the B posi-
ic tion is occupied by a thirteen-atom cluster consisting of a metal atom at position 4(a) at the center of a
a- cubo-octahedral, twelve-atom cluster of M atoms at positions 48 (h); the B' position is occupied by a simple
1g cube of eight M' atoms at 32(f). The three principal axes of each cluster are along the cubic axes of the
o perovskite cell, as shown schematically in Fig. 18, so that each X atom at positions 24{e) has eight near
es neighbors. The eight A atoms of the tetra-molecular cell are at the 8(c) positions. The 4(b) position at
Is the center of the M} clusters is empty. Alloys with this structure include the ferromagnetic borides
i AL[(AIM,,)(M;)1B,, where M = Fe, Co, Ni, as well as Cr,,Cs.
in
g
Y, g 8
b
=
A
s:
'9_
3! =57
1t
ii [E (E
«d
1s
e B'= My
;Z Fig. 18. One quadrant of the A,BB'X, structure showing
= the atomic positions of the B = M,;, and B' = M; clusters
[(We19).

n
Is
d 3.1.6 First-order magnetic transition in M°XM{ perovskites
a
7] Many perovskites MeXME exhibit first-order phase changes at magnetic-ordering transitions. Most of
is these are reported to be cubic-to-cubic transitions, but in ZnCMn, it is a tetragonal (ferrimagnetic)-to-
a cubic {ferromagnetic) transition. These crystallographic changes are induced by a complex interplay of
ot collective electrons in overlapping bands. Because of the intimate connection with the magnetic proper-
h ties and because of the necessarily speculative character of any model at this time, discussion of these
T compounds is deferred to 3.5.
n
5.
n
1S
n
£
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3.1 ABX, Perowskit-Struktur [Lit. S. 275

3.1.7 Data: Crystallographic properties of ABX,, A,BB'X,, A,B,BX, and A(B.B,B,)X,
compounds with perovskite or perovskite-related structure (Tab.2)

Tab. 2.

Within any section, the compounds are in general first ordered according to the atomic number of the
B cation and then by the basicity of the A cation. For the ordered perovskites of Tab. 2b, ¢, d, the com-
pounds are further ordered by the atomic number of the other B cation. The order of the sections is as
follows:

Tab. 2a — ABX,

A+LiH,

A(H,0) (Liyg)s; A = 174 Br!

A*B?+X,; X = F~, ClI!, Br!

A+Bs+O,; B =V, Nb, Sb, Ta, I, Pa, U

A+B#+0,; B = Ti, V, Cr, Mn, Fe, Co, Nj, Ge, Zr, Mo, Tc, Ru, Sn, Ce, Pr, Hf, Re, Ir, Pb, Th, U,
Np, Pu

A2+B4+X, or AB*BItX; X = S or Se, B = Ti, Zr, Ta, In, Ga

A3+B2+Q,; B = Al, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Ga, Y, Nb, Rh, In, Ho, Er, Tm, Yb, Lu

Tab. 2b — A,BB'X,
ABB*+X; X = F-1, CI7}, Bt = Al, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Ga, Ag, In, Ce, Pr, Au, Tl
A2+ATB3+B1+0,; B4t = Ti, Ir
A,BB"+0,; Bt = Ti, Mn, Ge, Zr, Ry, Ir
Bs+ = V, Nb, Sb, Ta, Bi, Pa, Pu
Bs+ = Mo, Te, W, Res+:5+, Ost+5+, UJe+.5+, Npt+, Pus+ ,
B+ = Tc, Re, Os, I

Tab. 2¢ — A,BB;O,

A,BB3*O,; Bt = Nb, Ru, Sb, Ta
La,Co,B5+0,; B+ = Nb, Sb
A,B,BS+0,; Bt = Mo, W, Re, U

Tab. 2d — A%+(B,B,B;)0;
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3.1 ABX, perovskite structure.
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Berichtigungen zu Band II/4a

S. 177, letzte Zeile: statt Ba,TdPaQ, lies Ba,TbPaOQ,
S. 219, Zeile 16 von unten: statt KMg, _.Ni,Fe, lies KMg, _,Ni,F,
S. 252, Zeile 26 von oben (Uberschrift): statt SryFe,UO;, lies SryFe,UQ,

Errata in Vol.IIT/4a

p- 177, bottom line: instead of Ba,TdPaQ; read Ba,TbPaOQ,
p- 219, line 16 from the bottom: instead of KMg, ., Ni_Fe, read KMg, .Ni,F,
p. 252, line 26 from above (headline) : instead of Sr,Fe,UO, read Sr,FerJO9

Landolt-Bornstein, Neue Serie 111 [4a



3.1 ABX, perovskite structure .
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3.1 ABX, Perowskit-Struktur
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3.1 ABX, perovskite structure
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3.1 ABX, perovskite structure.

Ref. p. 275]
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3.1 ABX, perovskite structure‘
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3 perovskite struct’

3.1 ABX

. 275]
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3.1 ABX, Perowskit-Struktur
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3.1 ABX, perovskite structure

Ref. p. 275]
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3.1 ABX, perovskite struclm.
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3.2 Perowskit-dhnliche Strukturen [Lit. S. 275

3.2 Descriptions of perovskite-related structures

3.2.1 A-cation vacancies

3.2.1.1 No A cations

Because a skeleton of shared-corner octahedra is stable, it is possible to remove all the A cations from
the perovskite structure without collapsing the BX, subarray. In the case of [J ReOj for example, the
structure remains cubic. However, a partial or a complete collapse of the skeleton is found in many [ BX,
compounds. The completely collapsed structure has hexagonal-close-packed X layers with one-third of
the octahedral sites occupied by B atoms, as indicated in Fig. 19. This results in a simple-cubic array of
B cations with corner-shared octahedra having a B-X-B angle of 132°. For comparison, Fig. 19 also shows
the corner-shared octahedra across a close-packed [] X, plane of the cubic [J ReO, structure, where the
B-X-B angle is 180°. It is possible to go from one structure to the other by a simple increase of the B-X-B
angle, the B cations forming a simple-cubic array in all structures. In the partially collapsed structure,
represented by CrF,, and B-X-B angle is intermediate, ~ 150°. Trifluorides of the first-row transition
metals have the partially collapsed structure, those of the second- and third-row transition metals have
the ReO, structure where the number of outer d electrons per cation is < 3, but the completely collapsed
structure where it is = 6. The B cations of the latter group either have no atomic moment (Rh™ and
Ir™ have #8,¢2) or disproportionate into magnetic and nonmagnetic ions (Pd2*, t§zeg and Pd'V, 5;08), so
that there are no magnetic interactions between neighboring cations. The other trifluorides, on the other
hand, are all antiferromagnetic, and coupling between like atoms of the second and third long periods is
stronger than that between like atoms of the first long period. Since the B-X-B superexchange interaction is
enhanced by a larger B-X-B angle, it is reasonable to assume that the interactions between neighboring
B cations stabilizes the ReQ, structure. These interactions may be either weaker interactions between
localized electrons, as in the magnetic fluorides, -or stronger interactions, as in metallic ReO,. In this
connection, stabilization of the cubic structure in the tungsten bronzes Af®WO; for mx > 0.3 is signifi-
cant. The conduction electrons introduce cation-anion-cation interactions while simuitaneously reducing
the energy gained by a ferroelectric distortion.

Electron-ordering distortions may be superposed on the array of corner-shared octahedra. MnF,, for
example, exhibits the Jahn-Teller distortions shown in Fig. 10(a) superposed on the partially collapsed
structure. WO,, on the other hand, exhibits several low-temperature phases characteristic of an interplay
of antiferroélectric distortions and different degrees of the collapse of the B-X-B angle.

3.2.1.2 The bronze structures

Although [] BX, compounds with the ReOj, structure and cubic ABX, compounds have the same BX,
array, complete solid solutions [],A,-.BX;, 0 < » < 1, are not possible. Although there is no ordering of
the vacancies for larger z, except for Na, s WO, [A4¢7], for smaller ¥ there is ordering accompanied by
a collapse of the BX, array within basal planes perpendicular to a unique axis. Such a collapse creates the
tetragonal and hexagonal tunnel structures of Fig. 20. The tetragonal structure contains three types of
tunnels, one containing cubic, twelve-coordinated A' sites, one containing pentagonal-prism, fifteen-
coordinated 4 " sites, and one small tunnel containing nine-coordinated A'"' sites, which are only occupied
by Li+ ions. Without Li+ ions, all these sites are filled at Ay ,Ay',BX;. This phase, which may occur for a

Fig. 19. Projections on B-cation planes of two [JBX, Fig. 20. Bronze structures found in A,[],_;BX, systems.
structures. Triangles in full and dotted lines represent faces  a) Tetragonal (11} structure occurring for x 5 0.6. b) Hexagonal
of octahedra below or above the B-cation plane. a) Cubic  structure occurring for z £ 0.33 [Wa1].

JReO, structure DO,. Arrows indicate cooperative atomic

motions that collapse the structure. b) Completely collapsed

ORhF, structure.
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75 _ Ref. p. 275] . 3.2 Perovskite-related structure.

4 range of x < 0.6, is labelled tetragonal (II) in Tab. 3 to distinguish it from the antiferroelectric tetragonal
(I) phase of WO;. The hexagonal structure contains hexagonal-prism, eighteen-coordinated A4 sites and is
restricted to the range of composition ¥ < 0.33. An orthorhombic tunnel structure has aiso been identified
for AB,O; compounds [GaT5a).

n .
e Tab. 3. Color vs. x for Na,WO, and compositional
- ranges for the bronze structures in the AL*WO,-
of perovskites. Adapted from [Di3]
f
'S Li Na K ReCs
e 0+ — 4 Ne IWO,
B o = %  yeliow
3, 08}- =  orange
_2 - E o brick red
d : -H 08} E % - purple
d - 8 N i
0 o =l  rovol blue O A inplone O & in plane
r - = B - or af t 9z
: O Aat sz
is azl- 2 + dork blve D X ot rip
is i 1 dork gray o Bal il g y
2 ; Xat + o - 10

lﬁ 0 Z green, Woy ® 5 inplone
h a b
lf E cvb. fetr I rir ol @ fex. Fig. 21. Projec.tiop:t, onto (110} planes of a) cubic perovskite

and b) brownmillerite structures. Brownmillerite structure is
g formed by removing alternate [110] strings of oxygen from

central row of a) and regrouping remaining oxygen into the
n tetrahedra shown in b) {Wa7].
:d
y

3.2.2 Anion-deficient compounds
3.2.21 Compounds ABX, _,

<
3; " Several systems ABX;;, where 0 < x < 0.5, have been reported as anion-deficient perovskites.
y $rTi0, s and StVO, ;, for example, both give simple x-ray powder patterns in qualitative agreement with
1e the assumption of a perovskite structure having one-sixth of the anions missing at random. Further, the
of homogeneity range of StTiO;_, is reported [Wa7] to extend over 0 < x < 0.5 without any change of lattice
n- parameter. However, if an anion is removed from a close packed structure, the metal atoms to which it was
:d formerly bonded will have highly unsymmetrical coordination, and some local rearrangement of the
a anion can be expected. The nature of this local rearrangement depends upon the character of the B

cation. In order to learn what rearrangements may occur locally, it is necessary to examine those
special cases where long-range order occurs, since local changes of cation coordination are difficult to
detect by x-ray diffraction and have not been investigated by other methods.

In the system StFefiFe}t,;05_5 0 < x < 0.5, it is known that the Fe3* ions are stable in either tetra-
hedral or octahedral coordination. Therefore, it is reasonable to anticipate the creation of fourfould co-
ordination about half of the Fe®t ions in the system. This is possible because the d electrons of Fe3+ jons
are localized, so that Fe*+ and Fet* ions are distinguishable, even though the d electrons of the end member
SrFet*+O, appear to be collective. Support for the creation of tetrahedral sites, as well as a suggestion of how
the tetrahedra might be arranged, is given by Ca,Fe,O;, which has the brownmillerite structure [Be4/] of
Fig. 21. Within every other (001) BX, plane of the cubic perovskite, alternate [110) rows of anions are

removed. The remaining anions in these planes are displaced alternately along [110] and [110] directions
toward the anion vacancies, the B cations shifting slightly also to maintain equal B-X distances with all
four near-neighbor anions. The result is fourfold coordination for all B cations in these (001) BX planes,
sixfold coordination for all B cations in the alternate (001) BX, planes.

The x-ray pattern of K,Ti,0; has a strong resemblance to that of perovskite. However, KTiO, g is not
an anion-deficient perovskite, but is completely ordered, each Ti*+ ion having five oxygen near neighbors
forming a trigonal bipyramid [4#»J3]. It has little similarity to perovskite.

‘:1 The oxygen-deficient, tetragonal compounds (Ba,,Bi;_,.)BiO,_,, 0.22 < x < 0.5, retain an octahedral

grouping for Biin the B sites, but the A positions have only six oxygen near neighbors, two each at 2.7, 3.1
and 3.6 A [Au1].

These examples indicate that a variety of orderings must occur in anion-deficient perovskites. Further
structural work needs to be done.
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3.2.2.2 Alloys M°X, M

Since the alloys M°XM§ are generally considered to represent mterstitial X atoms in an ordered, face-
centered-cubic M®Mf alloy, it is not surprising that the phase is stable over a considerable range of anion
deficiency. Since these alloys are metallic, it is probable that the X-atom vacancies are randomly distri-
buted.

3.2.2.3 Shear structures [ ]|BO, -,

Ranges of composition have been reported for BO,_,, where B = Mo or W. MAGNEL1I [Ma74] has
shown that these compositional ranges consist of a series of discrete phases having an x-ray diffraction
pattern dominated by a cubic [J ReOy-type (DO,) subcell, but exhibiting superlattice lines. The super-
lattice of any discrete phase is not due to an ordering of anion vacancies within this basic structure, but to
a regular interruption of the DO, structure by planes of discontinuity across which octahedra share edges
rather than corners. In these structures the oxygen vacancies condense into regularly spaced planes and
are then eliminated by a shear displacement of the type shown schematically in Fig. 22. These “shear*
planes may be constituted in different ways: For the series of phases B,Oy,,, six octahedra in a group
share edges, and for the phases B,0;,—, groups of four octahedra share edges. In both cases the discon-
tinuities continue in two dimensions throughout the structure where they separate DO, blocks # octa-
hedra thick. The -WO,_, phases, 0.10 < x < 0.17, belong to the series B,O,,, with 12 <-n < 20.
The observed compositional range (W, Mo)O;_,, 0.07 < » < 0.12, contains six discrete B,0,,_, phases
corresponding to n = 8,9, 10, 11, 12, and 14 [Ma/7a). The origin of the shear planes appears to be an
interplay between electrostatic and elastic forces: Electrostatic repulsive energies between B cations
sharing common octahedral-site edges is minimized by cationic displacements {of ferroelectric type) away
from the center of symmetry of the interstice and the shared octahedral edge. These displacements can be
cooperative, costing a minimum of elastic energy, if the shared edges are coplanar. The origin of the

although collective-electron effects [Go77] probably play a contributing role.

3.2.3 Structures deficient in B cations
3.2.3.1 Bismuth compounds

Bismuth compounds with chemical formula (BiA,,—,)B,;-;0;, have the structural formula
(Bi,O0,)** (A;1B;O3444)27, » = m — 1. These compounds consist of a regular intergrowth of the perov-
skite structure with Bi,O, sheets consisting of BiO, square pyramids sharing edges [4«2], as indicated in
Fig. 23. Between the Bi,0, sheets are » layers of corner-shared octahedra and (n — 1) layers of perovskite-
type A cations in the twelve-coordinated interstices. Where n = 1, the pyramidal sheets alternate with

i

S

o5y

I X
X L XX
Bl Iélﬁ
Bl

N7 N N
I B D]
X *%
X (
X X IR )
BXEE BN < A
a ¥
Fig. 22. Projection onto (001) planes of a} cubic [JReO, LS 3
structure and b) B, O,,_, shear plane. Anions are removed (
from black octahedra, which then move to adjacent positions 4
to form configuration b) {Waf]. - 7
¢ 1/
L)
= | ]
Fig. 23. One half of the pseudo-tetragonal unit cell of Bi,Ti;O,, (from z =~ 0.25 e
to z ~ 0.75). A denotes the perovskite layer (Bi,Tiy0,,)", C the (Bi,0,)** layers,
and B the unit cells of the hypothetical perovskite structure BiTiO, [Au3]. e8 el (OO

regular spacing between planes is not established. Presumably it is primarily due to elastic energy,
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275 Ref. p. 275] . 3.2 Perovskite-related structure’

single octahedral layers, and no sites are available for A cations. This particular phase has been prepared
in a large number of oxides and oxyfluorides, where B = Ti, Nb, Ta and the O/F ratio depends upon the

'.:;eI; valencies of the A and B cations (see Tab. 4).
tri- Many of these compounds are reported to exhibit ferroelectric distortions within the perovskite
layers, and they will certainly be important for technical applications in the future.
3.2.3.2 Hexagonal A B, X, structures

b As shown in Fig. 1(c), the cubic perovskite may be indexed on an hexagonal basis. It consists of cubic
nas stacking of close-packed AX, layers with B cations in the all-anion octahedral interstices. Within a (110)
:0:1 plane, B-cation octahedra share common corners as shown schematically in Fig. 3(a). In the Ba;Ta, O,
_e,“; structure [Ga5a), the stacking sequence of the AX, layers is a-b-c-b-c-a, as shown in Fig. 24, and the B-cation

s vacancies are where the stacking is hexagonal. Thus the structure consists of perovskite blocks n AX,
gn d layers and (n — 1) B layers thick, separated by a stacking fault at a layer of B-cation vacancies. These
L hexagonal structures appear to be stabilized where the tolerance factor is # > 1.

are

up 3.2.3.3 AX - (ABX,), structures

(;n‘ Materials having compositions intermediate between ABX, and A,BX, may have similar diffraction
ta-

patterns. However, this compositional region contains several phases having the structural formula
20. AX - (ABX,),. Each phase contains perovskite sheets » units thick separated by AX (NaCl-type) sheets.
ses The limiting composition A,BX,, corresponding to # == 1, is shown in Fig. 25. It is important for the
an theory of magnetism because, if A is nonmagnetic, then by symmetry there is no net molecular field within
ons an antiferromagnetic layer from cations in adjacent antiferromagnetic layers. This permits the study of
ay : two-dimensional antiferromagnetism. The A,BX, structure also permits the study of B*+ cations in oxides

-be with a smaller B-X-B separation (hence stronger interaction) than is found in the BO compounds with
the rocksalt structure. The possible significance of this is illustrated by La,NiO,. The Ni** electrons of ¢,
gy, symmetry appear to be collective in La,NiQ,, localized in NiO. ‘
3 OA
ula e J
ov-
lin
ite-
-ith
) . / .
o B cation

Fig. 24. Schematic (110) projection of the Ba,Ta,O,; struc- i

ture. Horizontal lines refer to BaOQ, close-packed layers with ABXJ AZBX#
) stacking a, b, or c. Fig. 25. Comparison of ABX, and A,BX, structures [Tr/].

3.2.4 Data: Crystallographic properties of non-ABX; compounds of composition A,BX,,
[1BX;, (AX),(ABX),, and Bi,O4(A,_,B,0;,,,) with perovskite-related structure (Tab. 4)

Tab. 4.

YA

§ See Fig. 20(a) for the tetragonal II bronze structure with a~ 12.5 A, c~4 A

¢ and Fig. 20(b) for the hexagonal bronze structure with a ~ 7.4 A, ¢~ 7.5 A,

3 Within any section, the compounds are ordered by B-cation atomic number, and the order of the
Y12 sections is as follows:

7 Tab. 4a — A, BX,

0 A,BO;; B = Nb, Mo, Ta, W, Re

A FeF,
Tab. 4b — [J BX,

) Tab. 4¢ —{] BB'X,

Tab. 4d — (AX),(ABX,)n

X = F-1, CI7%; B2t = Mg, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd

X = 0-2; B = Al, Ti, Cr, Mn, Fe, Co, Ni, Cu, Ga, Ge, Zr, Nb, Mo, T¢, Ru, Rh, Sn, Hf, Ir, Pb, U
Tab. 4e — Bi,0,(A;,BsO3p4,)

n =1, B=Mo W n=2; B=Nb, Ta n =3, B=Nb Ti n =4 5and §; B=Ti
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3.2 Perovskite-related structures.
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Ref. p. 275]
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[Lit. S. 275

3.2 Perowskit-dhnliche Strukturen
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3.2 Perovskite-related struct.
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3.2 Perovskite-related structug
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3.2 Perowskit-dhnliche Strukturen
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3.2 Perovskite-related structur,

Ref. p. 275]
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III Figuren 871---877
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Fig. 872. CaBi,Ta,0

Fig. 871. CaBj,y,

0y (ceramics). x vs. T [61S11]. » (ceramicy), % vs. T (61511},
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Fig. 875. BaRB;j
Nb g, (ceramics). x vs. T [62517].
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Fig. 877. PbBiaNbyQ, eMatic dryy,
0 - g R ture. One hall of the pseudotetragong; un;?ie‘;{ roual struc-
J— 10 2~ 0,75 i §iven. 4 denotes the Perovsige 1, SO E ~ 0.25
Fig. 876. BaBi,Ta o Bdcmtﬁaumto.l hypothetical Perovsy; sta)'er PbNb,03~,
"> (ceramics). x vs. T [62s17), and C denotes (BisOy)™* layers [625;5) — “fucture PbNbO,
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II1 Figures 878---883
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Fig. 878. PbBi,Nb,O, (ceramics). Lattice parameters vs. T
(6011).
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Fig. 880. PbBi,Ta,0, (ceramics). x vs. T [62517]. direchon) (rigwed olong ag)
Fig. 881. Bi,Ti;O,. Relationship between the throe sets of
@ crystallographic axes {67C6).
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Fig. 883. BiT{,0,,. Lattice parameters vs. T {67576},
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Fig. 882. Bi,Ti,0,,. Schematic drawing of erystal structure,
One half of the pseudotetragonal unit cell from z =~ 0.25 to
s =~ 0.75 is given. 4 denotes the perovskite layer Bi Ti,0};,
I3 denotes a unit of hypothetical perovskite structure BiTiO,
@b ol O 0 and C denotes (BigOy)** layers {62515).
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IIT Figures 890:-895
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Fig. 890. BaBi,Ti,O;. Schematic drawing of crystal struc-
ture. One half of the pseudotetragonal unit cell from & ~ 0.25
to £ ~0.75 js given. A4 denotes the perovskite layer
BaBi,Ti,0%;, B denotes a unit of hypothetical perovskite
structure (Ba, Bi)JTiO,, C denotes (Bi,O,)** layers [62515].
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Fig. 892. BaBi,T{,O,, Ba,Bi,Ti;0,,, BiTi;Oy,. t, vs. 1/E.
{62F1). 4,: switching time.
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Fig. 891. BaBi Ti 0,4 (ceramics). % vs. T (61515).
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Fig. 893. PbBi,Ti;Oy (ceramics). » vs. T [61515).
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Fig. 894. SrBi,Ti,0,; (ceramics). x vs. T [62517].
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Fig. 895. CaBi;Ti,0,, {ceramics). x vs. T'[61S/1].
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I Figuren 895... 901
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Fig. 896, Ba,Bi(Ti;O\. Schematic drawing of the crystal /
structure, One half of the tetragonal unit cell from 5 < 03¢ Y
to 2z = 0.75 is given. A denotes tbe perovskitje layer of
Ba,Bi;Ti,Of, B denotes a unit cell of the hypothetica) \
perovskite structare (Ba, Bi}TiO,, and C denotes the layers 2
of (Biy0,)** [6245). } \
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